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1. Introduction

1.1 Current Status of Rapeseed Production

One of the most spectacular plant breeding achienésrnin the last 40 years has been the
quality improvement of the former rapeseed cul8varhe modifications from high to zero
erucic acid content of the oil and from high to Iglucosinolate content of the meal have led
to a status change in the crop: from low to highligyfor both oil and meal. With the aim to
emphasize this improvement the term ‘canola’ hasnhietroduced with reference to zero
erucic acid and low glucosinolate (double-low) mats. The successful development of the
‘canola’ quality opened new avenues on the food &med markets worldwide and
transformed the production of the five principalggtable seed oils, soybean, cotton seed,
groundnut, sunflower, and rapeseed. From the filtice in terms of production in the 1980s
rapeseed production climbed up to the second plaweadays following soybean. Growing
area and total production have developed rapidlg giobal level for the last two decades. A

similar trend of development was observed in Euee Germany as well (Fig. 1).
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Fig. 1 Development of oilseed rape area (left) and pradaodtight) in the world, Europe and
Germany for the period 1986 — 2006 (data from FAO&)

The global rapeseed production in 2005 was 48.Bomitons of which 16.5 million (34%)
were produced in Europe and 5.1 million (11%) inrGany (FAO 2006). Rapeseed
comprises almost 75% of the oilseed productiomeEU, followed by sunflower with 20%,
soybean with 4% and cotton with 3%, (USDA FAS 2008)e vast majority of rapeseed is of
higher-yielding, fall-planted cultivars, but theage still areas in the northeast (Poland, the
Baltic states) that plant spring cultivars. Germamd France are currently the leading
producers, together collecting 61% of the EU cldBDA estimates are that Germany will
produce 5.0 million tons in 2006/07, while Fransestimated to produce 4.7 million tons. In

2005, the EU-25 has recorded its all-time highapeseed harvest, reaching 15.5 million tons



Mladen Radoev PhD Thesis Introduction

(USDA FAS 2006). The production increase was maghg to a rise in the area sown but
also attributed to the apparent trend in Europeatd® higher yielding hybrid varieties. The
hybrid breeding distinctly indicates that despite tpredominantly self-fertilizing mating
system and the relatively low out-crossing ratdgtusis can be put into use and plays an
important role in rapeseed breeding in Germany086/2007 the use of hybrid varieties in
Germany reached 65%, followed by Hungary 50%, Aaigt0%, France 30%, UK 20%, and
Poland 20%.

1.2 Hypotheses to Explain Heterosis

The heterosis phenomenon, on which hybrid breedibgsed, is the superior performance
of F; hybrids produced by a cross between geneticafiiandi homozygous parents, to their
midparent value or to the value of the better pargvhile the practical application of
heterosis in plant breeding is quite successfumemy crops through the development of
hybrid varieties, the basic understanding of thengmenon is not very advanced. It is
apparent that heterosis is related to heterozygdsitt it is still an open question how the
heterozygosity results in heterosis. Three mainothygses exist that explain the basis of
heterosis: dominance, overdominance, and epistagithesis (Crow 1999; Goodnight
1999). The dominance hypothesis supposes thatedelet recessive alleles at different loci
of one of the parents are nullified by the dominaigles at the same loci contributed by the
other parent in the ;Fhybrid. The overdominance hypothesis states thathieterozygous
combination of the alleles at a single locus isesigp to either of the two possible
homozygous combinations at that locus. Epistasismass that epistatic interactions between
different loci are the reason for heterosis. Addiél hypotheses look on heterosis from
biochemical, molecular or physiological points ¢gw (Stuber 1999).

Currently, results from quantitative genetic expents favour the dominance hypothesis
(Crow 1999). On other hand, theoretical considenstiand some observations indicate that
epistasis could play a significant role in the egsion of heterosis (Goodnight 1999).
Epistasis, in genetic terms, best explains the Inodita balance hypothesis trying to
understand heterosis from physiological level. @difon, results of multimeric enzyme

studies are apparent example of true overdominggtaber 1999).

1.3 Genetic Variation and Evolution of Rapeseed

Oilseed rapeRrassica napus.; genome AACC, 2n=38) is a relatively young spedhat

originates through spontaneous hybridization betwéernip rape B. rapa L., syn.
2
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campestris; genome AA, 2n=20) and cabbaBe dleraceal.; genome CC, 2n=18). Its
genetic diversity is small due to two main reasofis: rapeseed is of recent origin and
extensive rapeseed cultivation and breeding startédnore than 60 years ago and (2) the
species has a narrow genetic base (Becker et @8).1®ost probably in the evolutionary
formation of rapeseed the spontaneous hybridizatetweenB. rapa and B. oleraceahas
occurred several times and the amphidiplBidnapushas polyphyletic origin (Song and
Osborn 1992). Nevertheless, the present breedirtgrimlaof oilseed rape is derived from
very few interspecific hybrid plants that occurrggontaneously some centuries ago in a
limited geographical region. The gene pool of eliépeseed breeding material has been
further eroded by an emphasis on specific qualigyts derived from strongly restricted
genetic material. On the other hand a large geruitiersity is observed within th8.
oleraceaand B. rapa group, where the diploid nature and the naturak<rfertilization
coincide with the most ancient cultivation histary genus Brassica allowing for wide
ecological dispersal and variable crop charactesigBecker et al. 1999). This large genetic
variability could be employed in increasing the egmdiversity of rapeseed by its artificial
resynthesis from the two parental species. Thetivelg high extent of intergenomic
recombinations between A and C genome in the anplbid rapeseed (Lydiate et al. 1995)
additionally contributes to the origin of novel geypes after the resynthesis (Seyis et al.
2003).

Resynthesized rapeseed has been used for a breetdusp of purposes for about 70 years
(for review see Engqist and Becker 1994). In maskes the resynthesized rapeseed has low
fertility, winter hardiness, and oil content, adives undesirable seed quality with high erucic
acid and glucosinolate content. Nevertheless itieanaluable genes for specific traits. In
breeding programs the resynthesized lines are basd@d at least twice with adapted
material, and hence the overall genetic diverdityapeseed is only slightly increased (Becker
et al. 1995). Engqgist and Becker 1994 suggestedconeng some of the inferior
characteristics of the resynthesized rapeseed \pwhlgerving the large genetic variability by
recurrent selection without any backcrossing teetireg material. In this way a novel gene
pool could be established that may broaden thetigebase of rapeseed breeding and could
help to develop lines with a large genetic distainoe the present breeding material, which
will be of great use for the rapeseed hybrid bregdi
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1.4 Heterosis in Rapeseed

The extent of heterosis in rapeseed has been adaiysa number of studies with widely
varying results depending on the materials andsesised. In spring rapeseed hybrids an
average high parent heterosis of 30% with a rarigg0ato 50% was observed, while for
winter rapeseed hybrids an average high parentdseteof 50% was reported, ranging from
20 to 80% as reviewed by McVetty (1995). In a atere review Becker (1987) reported
midparent heterosis values for yield in the ranfjé o 63%. In 10 experiments with winter
rapeseed, a mean heterosis of 30% was observdd,iwid experiments with spring rapeseed
the respective value was 27%. It was observedthieaamount of heterosis depends on the
environmental conditions as well (Diepenbrock aretlr 1995). Often heterosis is higher
under unfavourable conditions and stress enviromsnewvhich probably contributes to the
better yield stability of hybrids observed by L6d991).

In winter rapeseed Robbelen (1985) reported smpmti heterosis for seed yield in a
topcross of the variety ‘Jet Neuf’ with 19 wint@peseed breeding lines, tested at 3 locations.
The hybrids outperformed the high parent ‘Jet Néyfan average of 13%. Knaak and Ecke
(1995) analysed heterosis in 22 hybrids, derivethfa factorial crossing scheme of 10 winter
rapeseed cultivars and breeding lines. The midpdweterosis observed ranged from -3.9% to
27.4% with an average of 16.9%. In the same stuglyhyhsignificant correlations of 0.72 and
0.73 P = 0.01) were observed between the genetic distassessed with RFLP markers,
and the heterrosis for grain yield and plant heigbdépectively. Similar results were reported
by Diers et al. (1996) but for spring rapeseed.

The correlation between genetic distance and h&tewas already apparent in a study by
Lefort-Buson et al. (1987), who observed an avedagerosis for seed yield of 40% in
hybrids derived from crosses between European aidnAinbred lines but only 12% and
16% in hybrids from crosses within these groupdicating that crosses between the major
genepools of rapeseed, spring, winter and Asiaesegd (Diers and Osborn 1994) may
exhibit considerably higher levels of heterosisntltaosses within the genepools. Often the
high levels of midparent heterosis observed in s@esbetween European and Asian
genotypes are strongly overestimated because gidbeecological adaptation of the exotic
material. The large differences in flowering tinmaturity and winter hardiness impede the
use of crosses between the European and Asian @@sep hybrid breeding therefore efforts
are made for the development of alternative hategeinepools.

An alternative genepool in a long term perspectiweld be represented by resynthesized

rapeseed (Becker and Enggvist 1995). It showsge lphenotypic and phenologic variability,

4
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including many types that are well adapted to Eeaopgrowing conditions. Becker et al.
(1995) assessed the genetic diversity between dyntteesized lines and a collection of 24
spring and winter cultivars, using isozyme and RIrudtkers. Some resynthesized genotypes
clustered among the winter forms but the majorigravquite distinct from the conventional
spring and winter rapeseed breeding material, atohg that the large phenotypic diversity
observed in resynthesized rapeseed is a conseqaktagesqually large genetic diversity. In a
comprehensive study of heterosis in hybrids of sgesincluding a resynthesized parent,
Girke (2002) tested 88 hybrids produced by a toggsrmaf 44 resynthesized lines with two
male sterile testers. The observed heterosis raingedl.4 to 55.5% indicating that heterosis
in crosses with resynthesized rapeseed genotypeseaah levels similar to those observed
by Lefort-Buson et al. (1987) in crosses betweeropean and Asian inbred lines. Heterosis
in a subgroup of five highly heterotic hybrids ded from resynthesized rapeseed lines well
adapted to German growing conditions was lower wtit a range from 25.7% to 35.8% and
an average of 28.9% still higher than the heterobserved by Knaak and Ecke (1995) in
hybrids of winter rapeseed varieties and breedingsl Based on these results a cross
including a resynthesized parent was chosen fodévelopment of the plant material used in

the current study.

1.5 Genetic Linkage Map Construction inBrassicaSpecies

In the last two decades a number of genetic maps been developed for the diploid and
amphidiploid species of the U triangle (U 1935). d¥lof the mapping activities iBrassica
were focused oBrassica napusince it is of the greatest commercial importafi@ndry et
al. 1991; Ferreira et al. 1994; Uzunova et al. 19%&kin et al. 1995; Foisset et al. 1996;
Lombard and Delourme 2001; Piquemal et al. 200®wéver, considerable efforts were
made in the genetic map construction Brassica oleraceaCC) (Slocum et al. 1990;
Camargo and Osborn 1996; Kearsey et al. 1996; &mand Quiros 1992; Landry et al.
1992; Quiros et al. 1994; Ramsay et al. 1996) Braksica rapa(AA) (Chyi et al. 1992;
McGrath and Quiros 1991; Song et al. 1991; Teutoiod Osborn 1994), whose diploid
genomes are combined in the amphidipl@dassica napus(AACC). The mapping of
Brassica nigra(BB) was not so intensive (Truco and Quiros 19%gercrantz and Lydiate
1996; Lagercrantz 1998).

To a great extent the quality of the linkage mapgethds on the marker systems applied.
The first maps were RFLP based, followed by RAPBLR and SSR maps. The genetic

maps often consist of a combination of differentrkees, which allows better genome

5



Mladen Radoev PhD Thesis Introduction

coverage (Lombard and Delourme 2001; Uzunova et35; Foisset et al. 1996), &nd
backcross mapping populations are widely applied daubled haploid populations are
typical for Brassica napusas it responds very well to tissue culture regetnn.

The first linkage map oBrassica napusvas developed in a;Fsegregating population
from a cross between two closely related springesapd varieties. A total of 120 loci,
covering 1413 cM from the rapeseed genome werdisedausing RFLP probes from a
seedling-specific cDNA library (Landry et al. 199T)he pioneering mapping d@. napus
genome by Landry was followed by numerous studreshe topic. Ferreira et al. (1994)
compared maps derived from a doubled haploid akg @opulation. Uzunova et al. (1995)
constructed a genetic map, using RFLP and RAPD enarkknd mapped the first loci
responsible for the variation of glucosinolate embt Using a cross between a resynthesized
Brassica napusnd a “natural” oilseed rape Parkin et al. (19@®&ntified the 10 A genome
and 9 C genome linkage groupsBfnapusand demonstrated that the nuclear genomés of
napus B. rapg andB. oleraceahave remained essentially unaltered since thedtom of the
amphidiploid specie3. napus The N-nomenclature for linkage groups in rapesaedely
used nowadays, is based on this map. Foisset €1986) developed a linkage map in a
doubled haploid population using isozyme, RFLP &APD markers and discussed the
origins of the observed non-Mendelian segregati@igeung et al. (1997) compared genetic
maps ofBrassica napusndBrassica oleraceaLombard and Delourme (2001) constructed a
framework consensus map of rapeseed by the iniegraf maps of three DH mapping
populations, using isozyme, RFLP, RAPD, and AFLPkaes. Covering 2429 cM of the
rapeseed genome they demonstrated that the cossapptoach allowed the mapping of a
larger number of markers, obtaining a near-competerage of the rapeseed genome, filling
gaps, and consolidating the linkage groups of tuvidual maps. In a more recent study
Piquemal et al. (2005) developed a conserBusapusmap using 305 SSR markers and
integrating maps of 6 Ffpopulations. In a comprehensive study, over 108@:tcally linked
RFLP loci in Brassica napusvere mapped to homologous positions in frabidopsis
genome on the basis of sequence similarity (Pagkial. 2005). The observed segmental
structure of the Brassica genome strongly suggebtedthe extanBrassicadiploid species

evolved from a hexaploid ancestor (Lagercrantz 18a8kin et al 2005).
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1.6 Methods for QTL Mapping

With the development of dense molecular marker neapgw era started in quantitative
genetics. The main prerequisites included the #&goof abundant, tissue and environment
independent DNA markers and the invention of bigioalt procedures for detecting the loci
responsible for quantitative trait variation, cdllguantitative trait loci or QTL. QTL mapping
encompasses procedures for identifying and loca@ig and analyzing the magnitude of
their main genetic effects and epistatic interaxtias well as their environmental interactions.
This bridges the gap between the continuous phpimwariation and the mechanisms of
inheritance by dissecting a continuously varyirat tin individual loci (Phillips 1998).

QTL mapping approaches can be classified in twaomgjoups: single-QTL models and
multi-QTL models (Liu 1998). In case no QTL inteians are considered, then the model is
referred to as a single-QTL model, while in caséntdraction testing a multiple-QTL model
is used. Depending on the number of markers apptiede model, QTL mapping methods
are divided into single marker analyses, simplenrdgl mapping and composite interval
mapping. QTL mapping methods can be based on eiffeginalytical techniques including
one-way ANOVA, simple t-test, simple linear regreas multiple linear regression, nonlinear
regression, log-linear model, likelihood functiomsixed linear models and the Bayesian
approach (Jansen 1992; Jansen 1993; Lander anteiBo1989; Wang et al. 1999; Zeng
1994).

1.6.1 Simple Interval Mapping (SIM)

The interval mapping (Lander and Botstein 1989¢sathe fullest advantage of the whole
genome molecular linkage maps. Instead of analysimg marker at a time, as in single-
marker analysis, intervals between adjacent markiersy a chromosome are scanned and a
likelihood profile of a QTL position at any partiau point in each interval across the entire
genome is determined. The likelihood profile in@adin estimation of the LOD score, which
is the log of the ratio between the likelihood &eatt a QTL in a particular position versus the
likelihood of no QTL localised at that position. Alternative approach to interval mapping
was developed by Haley and Knott (1992). It is Hase multiple regression and produces
very similar results to those obtained by the agpion of the maximum likelihood method,
regarding the accuracy and power of detection. Ten advantages of the multiple
regression based analyses are the increased speésth®licity. Using interval mapping it is
possible to distinguish between tight linkage Q&L with small effect and loose linkage to a

QTL with large effect. Still the simple interval py@ng cannot solve some problems. A major
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problem is the influence of closely linked QTL. Twiosely linked QTL with effects in the
same direction can lead to a detection of a “gkpEL” in the middle between the two QTL,
while the two real QTL remain undetected. No QTUI Wwe detected if the two QTL have
opposite effects. Another disadvantage of this Qféapping approach is that it does not
control the background genetic variation, which nimgs the QTL effect estimation and
decreases the power of detection.

1.6.2 Composite Interval Mapping (CIM)

A step forward in improving the power of detectiand resolving problems such as two
QTL linked in coupling or repulsion phase was aebie by modifying the simple interval
mapping to composite interval mapping (Jansen 13@31g 1994). In case of CIM the
background genetic variation is controlled by imibhg in the statistical model partial
regression coefficients of markers (cofactors),olhare situated in genomic regions having
influence on the trait. Absorbing the variation doethese loci by the cofactors leads to a
decrease in the confidence interval of the QTL fpmsi increasing the resolution of mapping
and the power of detection. An often applied cafexctelection method is based on stepwise
regression with specific F-statistic thresholdsofenter, f-to-drop). Different algorithms such
as multiple linear regression (Jansen 1993) andmuar likelihood methods (Zeng 1994)
have been applied to composite interval mapping.oAthe listed methods can only detect
single locus QTL and estimate the genetic effattseparate environments or need previously
adjusted mean data estimated across different @magnts. Therefore digenic epistatic
interactions between QTL and QTLXE interactionsldamot be simultaneously analysed.
Mixed linear models have recently been introdueced@¢dmposite interval mapping (Piepho
2000; Wang et al. 1999). Due to the flexibility thfe mixed linear model approach, the
genetic model can be extended to more complex igesétations such as genotype-

environment interaction and epistasis (Wang €1309).

1.7 Analysis of Heterosis at a QTL Level

QTL mapping has been increasingly used in receatsyéor studying heterosis. In a
pioneering study of an analysis of heterosis by @Tapping in maize Stuber et al. (1992)
identified QTL for 7 agronomic traits, includingagn yield. The prevailing mode of action of
the identified QTL was overdominance. Testing atisgible pair-wise combinations of
markers linked to the mapped QTL no epistasis voamd. In a later study of the same
material by Graham et al. (1997) the major QTLdaain yield could be partitioned by fine

8
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mapping into two dominant QTL linked in repulsiorhgse, revealing the seemingly
overdominant action of the originally mapped QTLpsgudo-overdominance. In an attempt
to break up repulsion linkages that might lead seydlo-overdominance Lu et al. (2003)
studied heterosis in maize for grain yield, graiaisture, stalk lodging, and plant height in a
population derived from a,Fpopulation by three generations of random matbegspite
using this population 24 of 28 QTL for grain yiedowed overdominance. On the other hand
the majority of QTL for the rest of the traits shemvonly partial dominance. In a recent study
of heterosis in maize Frascaroli et al. (2007) idiexd QTL prevailingly in the additive -
dominance range for traits with low heterosis amgdpminantly in the dominance-
overdominance range for traits displaying high lexa heterosis like plant height, seedling
weight, number of kernels per plant, and graindyidlesting epistasis by the mixed linear
model approach (Wang et al. 1999) only few QTL wereolved in digenic epistatic
interactions.

In an experiment with rice Xiao et al. (1995) ideetl 37 QTL for heterosis in 12
quantitative traits in a cross between two subgsedihe majority of the QTL in this study
displayed a dominant gene action, no overdominaraseobserved. By testing epistasis with
the marker pairs linked to the identified QTL, ngmnsficant interactions were found. These
results were in discrepancy with another studyioa carried out by Yu et al. (1997). The
authors found that most of the QTL for yield anansoof the QTL for yield related traits
showed overdominance. Furthermore testing all ptesgair-wise marker combinations a
considerable number of epistatic interactions waseoved. These results have been
confirmed by a series of studies of heterosisada (Li et al. 2001; Luo et al. 2001; Mei et al.
2003; Mei et al. 2005). In these experiments, aevdigectrum of agronomic traits including
plant height, grain yield and yield components waralysed by QTL mapping in RIL-
populations, testcross populations with an indepehtester and backcross populations. In all
studies most of the QTL contributing to heterosi®(0%) appeared to be overdominant and a
large number of background loci were involved instgiic interractions associated with
heterosis.

All studies mentioned above were carried out inzaaihich is an outcrossing crop or
rice, which is self pollinated. The molecular bagisheterosis in rapeseed, an allopolyploid
and a partially allogamous crop are not investidate far.
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The main objective of this study was a genetic ysiglof heterosis in rapeseed at the QTL

level, including:

1.
2.

Identification of the levels of heterosis for agoamic important traits

Identification, localization and determination bkteffects of QTL for heterotic traits
(grain yield and yield components, early plant béss) plant height), phenological
traits (beginning of flowering, end of floweringa@duration of flowering) and quality
traits (oil, protein, glucosinolate, erucic acidlainapine content).

Assessment of the contributions of different genetiffects, e.g. dominance,
overdominance and epistasis to the expressiontefdsss in rapeseed

Study of the correlation between molecular marketetozygosity and hybrid
performance

Identification of “hot spots” for QTL involved indterosis

10
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2 Materials and Methods

2.1 Materials
2.1.1 Plant Materials

The plant material consisted of a population of 86Qbled haploid lines (DHL) produced
from a cross between the winter cultivar ‘Expresmsd the resynthesized line ‘R53’, and the
250 corresponding test cross hybrids between tlbldd haploid lines and the male sterile
tester ‘MSL-Express’. The development of the dodideploid population from JFplants of
the cross ‘Express’x’R53" was commissioned to a gany, Saaten Union Resistenzlabor
GmbH, Leopoldshohe, Germany, specialized on andexje and tissue culture in rapeseed
and other crop plants. The two parents ‘Expressl dR53,” their F1 hybrid and the
commercial hybrid ‘Elektra’ were used as checkthangreenhouse and field experiments.

The female parent ‘Express 617’ is an inbred lihghe winter line cultivar ‘Express’.
‘Express’, which is of ‘canola’ quality was reledsa 1993 by NPZ-LembKe Germany, and
is still considered as one of the best line veasetvith stable yield, very high oil content and
Phoma tolerance. The male parent ‘R 53’ is a resyntlesiine developed from an
interspecific cross betweeB. oleracea convar. capitata var. sabelieend B. rapa ssp.
pekinensisThe resynthesized parent is well adapted to Gemgnawing conditions, meaning
that the high levels of midparent heterosis (~3@¥%gerved in the studies of Girke 2002 are
not due to an ecological misadaptation of the rémgized line. ‘R53’ is very distinct from
the commercially used breeding materials but needts has a relatively high performance,
which makes the crosses with this genotype padibusuitable for heterosis studies.

The male sterile version of ‘Express’ (MSL 007) dRdlcon’ (MSL 004) were provided
by NPZ-Lembke. A specific property of this malerdity is that most rapeseed genotypes,
used as pollinators, restore the pollen fertilityhe hybrids.

‘Elektra’ is a recently developed hybrid varietyessed on the market in 2002 by NPZ-

Lembke. It has been the highest yielding hybriGarmany in recent years.

2.1.2 Chemicals and Enzymes

DNA extraction was carried out with NuclétPhytoPur® extraction kit (Amersham
Biosciences GmbH, Freiburg, Germany). For DNA qifigation Bio-Rad Fluorescent DNA
Quantification Kit (Bio-Rad Laboratories CA, USA)aw used. The restriction enzymes
EcoRIl and Msd were purchased from MBI Fermentas GmbH and Newldhd Biolabs,
respectively. Taq polymerase from the type FIRERagether with PCR reaction buffer and
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MgCl, were from the company Solis Biodyne, Tartu, Estoii4 DNA ligase was a product
of Promega GmbH. ATP was purchased from Sigma-éiid@hemie GmbH, while dNTPs
were from Qbiogene. The consumables for the ABISA&I 3100 Genetic Analyzer: Hi-DY
Formamide, GeneScah500 ROX™ size standard and POP6 polymer were delivered from
Applied Biosystems, Foster city, USA. The producensl suppliers of all generally used

laboratory chemicals are listed in Appendix 1

2.1.3 Microsatellite Primer Pairs

A total number of 622 SSR prier pairs were avaddbR4 from private and 98 from public
sources). Public SSR primer pair sequences weeeneot at:

http://ukcrop.net/perl/ace/search/BrassicaDB

Public SSR primer pair sequences were predominaeteloped at IACR Long Ashton
and John Innes Centre (Lowe et al. 2004). The ¢BdeOl, Na, and Ni) used in the names of
these primer pairs and the derived markers is oéted by the source specids. rapa, B.
oleracea, B. napus, and B. nign&spectively. The primer pairs designated ‘BRASowed
by three digits and ‘CB’ followed by five digits Y& been developed by Celera AgGen,
sponsored by an international consortium of privateeding companies. The primer pairs
coded with ‘MR’ and ‘MD’ have been developed by timstitute of Agronomy and Plant
Breeding of the University of Gottingen.

2.1.4 Oligonucleotide Adapters for AFLP Analysis

The oligonucleotide adapters were synthesized bwG¥Biotech AG, Ebersberg,

Germany, and were provided as single stranded DNA:

EcoRI Adapter 1 (EAL) 5'—CTC GTAGACTGC GTACC -3
EcoRI Adapter 2 (EA2) 5'—AAT TGG TAC GCAGTC -3’
Msd Adapter 1 (MA1) 5'—GAC GATGAG TCCTGAG -3
Msel Adapter 2 (MA2) 5'—TACTCAGGACTCAT -3

The single strands were mixed together EA1 with EBAE MAL1 with MA2. The solutions
were heated to 56°C and left to cool down slowlyomler to produce double stranded

adapters.
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Adapter sequences:
EcoRI Adapter Msd Adapter
5-CTCGTAGACTGCGTACC-3' 5-GACGATGAGTCCTGAG-3'

3-CTGACGCATGGTTAA-5’ 3-TACTCAGGACTCAT-5 ’

2.1.5 Primers for AFLP analysis

One selective nucleotide- and three selective emticle EcoRI and Msd primers were
synthesized by MWG-Biotech AG, Ebersberg, Germ@ymer sequences are available at
Appendix 4. To enable analyses on a capillary aateth sequencdecdRl primers with 3
selective nucleotides carried a fluorescent dyellalbhich was either 6-carboxy-fluorescine
(FAM) or NED™.

2.2 Methods
2.2.1 Total DNA Extraction

For a genetic map construction a high number obtges have to be simultaneously
analysed, which necessitate a fast and technieglly method for total DNA extraction.
Depending on the necessary DNA quantity two difierapproaches were used. The two
parents and their F1 hybrid were used for primer gereening, thus a CTAB method for
DNA extraction modified by Rogers and Bendich (108f&s applied for DNA extraction,
which provides a high amount of DNA. The extractairthe doubled haploid lines from the
mapping population was performed with Nucl®hytoPur& extraction kits, which are fast,

technically easy and provide good quality DNA.

2.2.1.1 CTAB-Total-DNA Preparation

Chemicals used:

2 x CTAB-Buffer 100 mM  Tris-HCI (pH 8.0)
20mM EDTA
1.4M NaCl
1% PVP 40000
2% CTAB
10% CTAB-Solution 10% CTAB
0.7M NaCl
CTAB-Precipitation Buffer 50 mM  Tris-HCI (pH=8.0)
10mM EDTA
1% CTAB
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High Salt TE-Buffer 10 mM  Tris-HCI (pH=8.0)
1mM EDTA
1M Nacl

1 x TE-Buffer 10 mM  Tris-HCI (pH=8.0)
1mM EDTA

Grind to fine powder in liquid nitrogen 5-10 g fhesr deeply frozen leaf material
Transfer the powder into 250 ml Erlenmeyer flask

Add 10 ml warm (65°C) 2 x CTAB-buffer

Add Proteinase K to a final concentration of 100npig

Incubate at 65°C for 30 min in a water bath. Agitay shaking gently.

YV V. V V V V

Transfer the solution to a 50 ml centrifuge tulsl] & volume of
Chloroform/lsoamylalkohol (24:1), and shake slowly

Centrifuge at 12,000 rpm for 10 min at 4°C (Sigreatdfuge 4K 10, Rotor Nr.
12166)

Transfer the agueous upper phase in a new ceraritume

Add 1/10 volume 10% CTAB-solution

Extract once more with 1 volume Chloroform/Isoanidaol

A\

Transfer the agueous upper phase to a new cerritlp

Add 1 volume warm (65°C) CTAB-precipitation buffer

Centrifuge at 12,000 rpm for 10 min at 20°C to @ethe precipitated CTAB-DNA
complex

Dissolve the DNA pellet in 2 ml high salt TE bufiar65°C

Precipitate the DNA with 2 volumes of cold 96 % &bl at -20°C overnight

vV V V V VYV V

Centrifuge with 12,000 rpm for 15 min
Wash the DNA pellet with cold 70% Ethanol to remexeess salts
Centrifuge with 12,000 rpm for 5 min

Dry the pellet in an exsiccator

YV V. V V V V V

Dissolve the pellet in 1 ml TE-buffer

2.2.1.2 DNA Extraction with NucleorfPhytoPure® Extraction Kit

The DNA extraction was carried out with midi-prieips, starting with 1 g fresh or deeply

frozen leaf material, following the manual provideih the Kkit.
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2.2.2 DNA Concentration Measurement

The DNA concentration was measured with a Bio-RadsaFluof™ Fluorometer (Bio-
Rad, CA, USA) according to the manufacturers mamusing Bio-Rad Fluorescent DNA
Quantification Kit (Bio-Rad, CA, USA) The Fluoroneetdetects the fluorescence of the
complexes built from the binding of DNA moleculesdathe fluorochrome bisbenzimide
(Hoechst 33258). This dye is highly DNA specifidaioes not bind to RNA molecules, thus
RNA residues do not effect the DNA quantificatidue to this advantage the fluorometer

technique provides more precise measurements cenhpaspectrophotometric methods.

2.2.3 Simple Sequence Repeat (SSR) Analysis

SSR (Litt and Luty 1989) analyses were carried faliowing the M13-tailing PCR
technique (Schuelke 2000). Instead of a fluoroplaye, each forward primer carries an
eighteen nucleotide long tail with the followingysence:

5-TTTCCCAGTCACGACGTT-3’

The tail is complementary to a 23 nucleotides Ithngrescently labelled M13-universal
primer:

5-AGGGTTTTCCCAGTCACGACGTT-3’
The PCR reaction starts with the forward- and resqarimer and the amplified products
carry the tail. Such tail carrying sequences amgptates for the M13-universal primer. The
products, resulting from an amplification primedtiwihe M13-universal primer and the
reverse primer, are fluorescently labelled and lsardetected due to the fluorescence after
exiting the fluorophore tag with a light having siie wavelength.

The M13-universal primer was labelled with the fipghores 6-carboxy-fluorescine
(6FAM™), hexachloro-6-carboxy-fluorescine (HE® and NED™, which fluoresce in blue,
green and yellow, respectively, after being excited a laser beam. The absorption
wavelength of 6FANM, HEX™, and NEBM is 494 nm, 535 nm and 546 nm, respectively,
while when the fluorophores return from the firgtiged state to the ground state they emit
light with wavelength of 518 nm, 556 nm, and 575, nespectively. The emitted light is used

for fragment detection.
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PCR reaction mix:
1 x PCR buffer 10 x PCR buffer
2.5 mM MgCl,
0.2 mM dNTPs
0.05 uM M13-universal primer
0.05 uM fPrimer (forward primer)

0.05 uM rPrimer (reverse primer)
1U Tag-DNA polymerase
25 ng Template DNA
Add HO to 20 pl H,O

A two step touchdown PCR program was used in a Biden T1 Thermocycler (Biometra
GmbH, Goéttingen, Germany):
95°C for 3 min
5 cycles 95°C for 45 sec; 68°C (-2°C/cycle) for mn72°C for 1 min
5 cycles 95°C for 45 sec; 58°C (-2°Cl/cycle) for ihy72°C for 1 min
27 cycles 95°C for 45 sec; 47°C for 30 sec; 72%ClLfmin
72°C for 10 min
4°C oo

The touch down technique was applied since it plesibetter conditions when a large
number of primer pairs with similar but not ideafi@nnealing temperatures are used. The
step of 72°C for 10 min. prevents the observatibmrspecific one nucleotide differences
between the amplified products, which are the tedullesoxiadenosine addition by the Tag-
polymerase at the end of the PCR products.

2.2.4 Amplified Fragment Length Polymorphisms (AFLB Analysis

AFLP analyses were performed following the methddvos et al. (1995), modified
according to Kebede and Kopisch-Obuch (unpublished)

a) Restriction:
Total genomic DNA was digested with the enzyreesR| andMsd by incubation at 37°C in
a thermocycler for 90 minutes. The following reantmix was applied:
250 ng Genomic DNA
4 U EcoRl
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4U Msd
1 x Restriction-ligation buffer 10 x Restriction-ligation buffer
Add H,O to 30 |.J.| H,O

The restriction-ligation buffer consists of 10 mMisAc, 10 mM MgAc, 50 mM KAc, DTT
5mM Dithiothreitol (GH100.S,) (DTT), The pH was adjusted to 7.5 with acetidaci
EcdRl is a rare cutter, whilssd cuts frequently. The recognition sites of theyanes are:

EcoRlI Msd
L . v ‘
SGAATTC: STTAAS
SCTTAAGY® SAATTY
t t
b) Ligation
The following reaction mix was used:
30 ul Restriction product
5 pmol EcoR Adapter
50 pmol Msd Adapter
1U T4 DNA Ligase
0.25 mM ATP
1 x Restriction-ligation buffer 10 x Restriction-ligation buffer

Add H,O to 40 pl H,0

The ligation was carried out in thermocycler uding lollwing program:

1) 37°C for 3h 10min 3) 30.0°C for 3min 5) 22°@ 15min

2) 33.5°C for 3min 4) 26.0°C for 4min 6) 48€¢

The reaction was optimised to provide best conadititor the T4 DNA Ligase, avoiding the

possible synthesis of ‘false’ AFLP fragments.

c) Preamplification

The preamplification was carried out with primeesvimg only one selective nucleotide,
which allows the amplification of a large number fohgments. The restriction-ligation
product diluted 1:5 with HPLC grade,® was used as a template DNA for the reaction. The

following reaction mix was applied:
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8 ul

10 pmol

8.7 pmol

0.3 mM

15U

1x

4 mM

Add HO to 20 pl

Diluted restriction-ligation product
EcaoRI-Primer EO1

Msd Primer M02

dNTPs

Tag-DNA-Polymerase

10 x PCR-buffer

MgCl,

H.O

10 x PCR buffer consisted of 800 mM Tris-HCI, 20M{NH4),SO, 0.2% w/v Tween-20.
The pH was adjusted to 9.4 — 9.5 with HCI.

The preamplification took place in 8 tubes strip9@ ml (ThermoStrips") on a Biometra
T1 Thermocycler, following the program:

94°C for 30s

20 cycles 94°C for 30s; 56°C for 30s; 72°C for 1min

72°C for 5 min

4°Coo

The preamplification product was diluted 1:10 ataftesd at 4°C

d) Selective amplification

The selective amplification was carried out usingners with 3 selective nucleotides.
Such primers anneal approximately to only 1 of egjinents to which an unanchored primer
would anneal. The probability a forward and a reggsrimer to anneal to the same fragment
is 1 of 4096, which drastically decreases the cemipy of the banding pattern and instead of
a smear a scorable banding pattern is observed #terlane on the gel.

The following reaction mix was used:

6 ul Diluted preamplificatin product
2 pmol EcoRI-Primer + 3
7 pmol Msel-Primers + 3
0.24 mM dNTPs
0.6U Tag-DNA-Polymerase
1x 10 x PCR-Buffer
4 mM MgCl,
Add H,Oto 20 pl H,O
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10 x PCR buffer consisted of 800 mM Tris-HCI, 20M{NH4),SO, 0.2% w/v Tween-20.
The pH was adjusted to 9.4 — 9.5 with HCI.

The amplification was carried out in a BiometrtaTlHermocycler, following the profile:
94°C for 30sec

94°C for 30sec; 65°C for 30sec; 72°C for 2min

12 cycles 94°C for 30sec; 64.2°C for 30sec (-0.¢y€le); 72°C for 2min

25 cycles 94°C for 30sec; 56°C for 30 sec; 72°Cfain (+ 1 sec/cycle)

72°C 5min

4 minoo

Six primer combinations were screened by the twerga and their F1 hybrid.
E32M47 E32M49 E35M62
E32M48 E32M51 E32M61

2.2.5 Fragment Analyses on the ABI PRISM® 3100 Getie Analyzer

ABI PRISM® 3100 Genetic Analyzer is a multi-coldilmorescence-based DNA analysis
system with 16 capillaries operating in paralldheTdetection system is based on excitement
and fluorescent measurement of the fluorophoreggrated to the amplified products during
the PCR reaction.

2.2.5.1 Fragment Analyses of SSR Products

The use of three different colours 6FA¥] HEX™ and NEDM provided the possibility
for loading a mixture of three differentially labed PCR products simultaneously in each
capillary (triple loading). Up to six fold multi-&wling was performed by mixing the three
possible colours with two products per colour. Tpvoducts of the same colour were mixed if
the loci amplified by different primer pairs produtalleles easily distinguishable by size.

Two pl of the mixed PCR products diluted 1 tolOevadded to a loading mix of 12 ul Hi-
Di™ Formamide and 0.027 pl GeneStA500 ROX™ size standard (Fig 2). The mixture
was denatured for 2 min at 95°C in a thermocydlbe electrophoresis was carried out on the
sequencer at 60°C and 15 kV for 1h using a POPgyml 36 cm capillary arrays and 22 sec
injection time. GeneSca-500 ROX™ size standard is designed for sizing DNA fragments

in the 35-500 nucleotides range and provides Iflesstranded labelled fragments.
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Fig. 2 GeneScal'-500 ROX™ size standard profile, including the 35 — 500 aatibe
range. The peaks of the fragments with sizes 35,450, 490 and 500 are outside the
presented window.

2.2.5.2 Fragment analyses of AFLP Products

Fragment analyses of AFLP products were carriedwotitout multi-loading. Only one
colour was analysed at a time. The PCR productdiated 1 to 5. The other conditions were

the same as for the SSR analysis, as describettiios 2.2.5.1.

2.2.6 Computer Analyses of the Raw Data Generated the Fragment Analyses

GeneScan Software Version 3.7 (Applied Biosystdraster city, USA) was applied for
the raw data analysis. The markers were scored) senotyper Software Version 3.7 NT
(Applied Biosystems, Foster city, USA). The samecpdure was applied for SSR and AFLP

analysis.
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2.2 7 Bulked Segregant Analysis (BSA)

A bulked segregant analysis (Michelmore et al.119®iovannoni et al. 1991) was used in
order to saturate with markers a specific genoragion, which had not been covered with
markers in the genetic mapping. Two bulks were fmtmeach consisting of 10 doubled
haploid lines, which carried alleles from only quarent for both parts of the linkage group

under study.

The following primer combinations were applied e BSA:

E33M49 E41M50 E40M50
E33M59 E35M48 E38M50
E33M62 E35M50 E38M60
E40M62 E35M60 E41M47
E40M51 E33M48 E41M49
E38M62 E33M50 E35M47
E38M48 E33M61 E35M49
E41M48 E40M60 E35M59

2.2.8 DH-line Propagation and Testcross Development

The doubled haploid population was grown in 20088 isolation plots on the field at
Reinshof breeding station for doubled haploid lipe@pagation by selfing and for the
development of test crosses by pollinating the nsédeile testers ‘MSL-Falcon’ (004) and
‘MSL-Express’ (007). The isolation among the diffet genotypes was made with plots of
B. rapa which surrounded double rows of each doubleddidpine, flanked by double rows
of the two testers. In this way the the pollinabbrthe male sterile testers could be only the
doubled haploid line between them, which was sel@tout bagging as no or few foreign
pollen was able to cross tle rapaisolation. A scheme of the isolation plots is praed in
Fig. 3. The rows were 2.5 m long with 0.3 m betwdem. The distance between the plants
within the row was 0.1 m. The width of tBerapaisolation was 2.5 m at the upper and lower
part of the plot and 1.8 m at both sides. The sgwias carried out by single seed drill in the
period 23.08.2004 — 03.09.2004.
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The agricultural procedures included:
1. Fertilizing
* Nitrogen: 21.03.05 - 90 kg/ha iN form of KAS (lime, ammonium, saltpetre)
11.04.05 - 80 kg/haitNform of KAS (lime, ammonium, saltpetre)
e Sulphur: 04.04.05 - 40 kg/ha S in form of Pataht&25 kg/ha
2. Plant protection
» Herbicides: 13.09.04 — 2 I/ha Butisan Top
* Insecticide: 18.05.05 — 100 g/ha Karate Zeon
* Fungicide: 20.04.05 - 0.7 I/ha Caramba
The soil type was of a very good quality includimipy and loess (L2L0O), with
“ackerwertzahl” of 84/82 according to the Germail gaality rating ranging from 0 - very
low to 100 — the best soil quality.
Manual harvest was performed from 13.07.05 to 20®7After air drying for several days
the harvested plants were threshed. The crossés'katcon’” (MSL 004) were not further
used in the current study.
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Fig. 3 Isolation plot for the production of test cross€ee DH-line is the pollinator of the
male sterile testers ‘MSL-Falcon’ (004) and ‘MSLEgss’ (007). The dotted lines designate
the isolation by rows dB. rapa
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2.2.9 Greenhouse Experiment

For an assessment of early fresh shoot biomassobetea greenhouse experiment with
four replications was carried out in the winter2005-2006. The plant materials used for the
trial have been described in chapter 2.1.1. Thergpwas done manually in square plots.
Each plot consisted of 9 pots, 7x7 cm, filled wtitlf soil “T fein” type. The multi-array plots
were organised on 12 tables. To adjust for light @mperature differences in the greenhouse
an alpha lattice design 26-by-10 (Patterson andiaMis 1976) was applied. Each of the
checks, ‘Express’ and ‘R53’ for the doubled haplbiees, and F(‘Express’ x ‘R53’) and
‘Elektra’ for the testcross hybrids, were replichte times within the lattice. The doubled
haploid lines and their corresponding hybrids fakal the same alpha design but were grown
on different tables in order to exclude competiti@tween them. A single row of pots, sown
with ‘Express’ or ‘Elektra’, was placed around therders of each table with DH-lines or
hybrids, respectively, to avoid border effects. dmsure that each plot contained the full
number of plants at harvest, two seeds were sovaadh pot. At first leaf stage one of the
plants was removed, providing better growing coadg for the remaining plant. After the
sowing and the plant emergence, the watering was 8y spraying in order to moist the soil
thoroughly. Subsequently, the watering was caroed by flooding to enable as even
moisturising of the soil as possible. The floodiogk place twice per week for 3 hours with 2
to 3 cm water depth. To ensure an adequate netrgiyply, NPK-Fertilizer “HaKaPhos
blau” was added each time to the water in a conagon of 0.5 g/l. In addition to the day
light each table was illuminated by two 400 wattNs©-Agro sodium vapour lamps (Phillips,
Netherlands) for 16 hours. The temperature waslaeg according to the light and dark
periods, 18 to 20°C and 15°C, respectively. Twenite days after sowing the shoot part of
the plants was harvested and the fresh biomassweaghed as a bulk of each plot. The
analysis was restricted only to the fresh biomassabse of the very high correlation(r
0.95) between the fresh and dry biomass observesble) (2006). The harvest was done in
one day for all genotypes of a replication in ortlerprevent biomass differences due to
different length of the growing period. The timeagpof the four replications is presented in
Table 1.
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Table 1 Greenhouse replications time table

Doubled haploid lines Hybrids
Replication Sowing Harvesting Growth Sowing Harvesting Growth
duratiorf duration
1 12.10.05 09.11.05 29 13.10.05 10.11.05 29
2 23.11.05 21.12.05 29 23.11.05 21.12.05 29
3 18.01.06  15.02.06 29 18.01.06 15.02.06 29
4 20.02.06  22.03.06 29 20.02.06 22.03.06 29

#The growth duration was estimated in days afterisgpw

2.2.10 Field Experiment
2.2.10.1 Experimental Design

The plant material used for the field trial hasrbéescribed in chapter 2.1.1. It included
the 250 doubled haploid lines and their correspandest cross hybrids with the male sterile
tester ‘MSL-Express’. The parents ‘Express’ and 3Rbsed as checks for the doubled
haploid lines were replicated 5 times at each lona(250 + 2 x 5 = 260). The,Fhybrid
(Ex x R53), and the commercial hybrid cultivar ‘Bi&’ were used as checks for the testcross
population, also replicated 5 times at each looaf@b0 + 2 x 5 = 260).

The experiment was carried out in the growing @ea®005/2006, at 4 locations with
different agroecological conditions (Reinshof, Besen, Rauischholzhausen and Grund-
Schwalheim) and no replications per location. Tduk lof replications was due to limited field
area at the breeding stations, as the experimehtded 520 accessions grown in yield plots
(about 10 rfi each). The experimental design was a 26-by-10aalptiice (Patterson and
Williams 1976). The properties of the plots at dliféerent locations are described in Table 2.
Specific for the design was that the doubled haplwes and the hybrids were grown in
parallel beds where each hybrid was placed atahee plot position in the second bed as the
corresponding doubled haploid line in the first b&tius the two genotypes, which were
compared in the subsequent analyses, were growas isimilar conditions as possible,
excluding the competition between the lines and rtteee vigorous hybrids. A schematic

representation is available in Appendix 2.
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2.2.10.2 Location Properties

All locations were situated in Germany. Reinshad &auischholzhausen are the breeding
stations of Georg-August-University of Gottingendadustus-Liebig-University of Giel3en,
respectively. Deitersen, situated near Einbeckorgd to the breeding stations of KWS,
Einbeck, Germany and Grund-Schwalheim lying nearst@dt is a property of SW-Seeds,
Sweden. Climatic, soil and plot properties of theations are presented in Table 2.

Table 2 Properties of the locations of the field trial

Property Reinshof Deitersen Rauischholz- Grund-
hausen Schwalheim
Altitude [m] 150 123 290 134
Long-term mean 8.7 8.8 8.1 9.0
temperature [°C]
Long-term mean 645 644 603 -
precipitation [mm]
Plot length [m] 7.5 10 8 6
Plot width [m] 1.50 1.75 1.50 1.80
Plot area [rf] 11.25 17.50 12.00 10.80
Nr. of rows per plot 6 6 6 6
Between row distance [m] 0.25 0.21 0.25 0.30
Sowing density [seedsfin 80 60 80 65
Soil Type L 3 Al L L L
Ackerwertzaf 78/81 90 70 70
00 Temperature [°C] 9.8 11.4 9.9 10.6
2005/2006
[0 Precipitation [mm] 629 445 499 615
2005/2006
Sowing date 24.08.05 31.08.05 30.08.05 05.09.05
Harvesting date 24-26.07.06 28-29.07.06 26-28.07.0@26-27.07.06

%German soil quality rating, ranging from 0 - veoylto 100 - the best soil quality
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2.2.10.3 Trait Evaluation

All agronomic traits evaluated are listed in TaBleNear Infrared Reflectance Spectroscopy
(NIRS) was carried out using the calibration ecquratiraps2001.eqga” developed by Tillman
(2005).

Table 3 Evaluated agronomic traits

Trait Method of measurement Units

Plant height (PH) Measured at plot level from the soil to the up nmplant part [cm]
at end of flowering.

Grain yield (GY) Measured after combine harvestsga bulk from the whole [dt/ha]
plot. Adjusted to 91% dry matter.

Thousand kernel Estimated as the average of 3 measurements ofdightiof [0]
weight (TKW) 100 seeds.

Seed/silique Estimated as a mean from 9 siliques. The firstetlsiBques  none
(S/sil) situated at the main raceme immediately aboveitbedide
branch were harvested from 3 randomly chosen plaats
genotype and the seeds were counted.

Siliques/dni Estimated by the formula: none
(Sil/dnm) Siliques/dri= [GY per dnf/(S/Sil*Single seed weight)]

Oil content (Oil) Measured by near infrared refleate spectroscopy (NIRS) %
as a percentage of 91% seed dry matter content.

Protein content Measured by near infrared reflectance spectros¢NiRS) %
(Pro) as a percentage of 91% seed dry matter content.

Glucosinolate Measured by near infrared reflectance spectros¢bipitS) [pmol/g]
content (GLS)  in umol/g seeds.

Erucic acid Measured by near infrared reflectance spectros¢NiiRS) %
(C22:1) in % of the total fatty acid content.

Sinapine (Sin) Measured by near infrared refleaasectroscopy (NIRS) [mg/g]
in mg/g seeds

Beginning of Measured as days from sowing to BF. BF is scorednwh days
flowering (BF)  10% of the plants within the plot have at least opened
flower.

End of flowering Measured as days from sowing to EF. EF is scoreghvet  days

(EF) least 10 % of the plants within the plot have cdate
flower.
Duration of Measured as difference between EF and BF. days

flowering (DF)
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2.2.11 Data Analysis
2.2.11.1 Genotypic Analysis
2.2.11.1.1 Peak Patterns and Segregation Analysis

The raw output of the capillary electrophoresis veemalysed by GeneScan software
Version 3.7 (Applied Biosystems, Foster city, USAubsequently Genotyper software
Version 3.7 NT (Applied Biosystems, Foster city, A)Svas applied for marker scoring. In
capillary electrophoresis the banding pattern tgigior slab gels is replaced by a peak pattern.
A presence of a band on the slab gel is equal tolmerved peak in case of capillary
electrophoresis. Based on the peak pattern in égesgating doubled haploid population it
was possible to distinguish whether a particulaR $8mer pair amplified one ore more loci
and the allele sizes at the loci were determinadcdse of a null allele in one parent a
dominant marker was scored as presence or absénite allele from the other parent.
Uncertain peak patterns such as a very low pedkeodetection of both parental alleles of a
locus in a doubled haploid line were scored asingsdata points. In case of stuttered peaks
only the highest one was scored.

The scored data were organized in a file formahmatible with MapMaker. Doubled
haploid lines carrying ‘Express’ alleles were coddth ‘E’, while the rest of the lines were
designated with ‘R’ for having ‘R53’ alleles. Misg) data were represented with ‘-

The fit of marker segregation ratios to the 1:1reggtion ratio expected in a doubled haploid

population was tested for each marker locus g§tast P = 0.05).

2.2.11.1.2 Linkage Analyses and Map Construction

In the first step linkage analyses were carried umihg all markers with a subset of 96
doubled haploid lines for the construction of ar@ary map. Subsequently the most evenly
distributed markers were selected and extendedetoest of the lines of the doubled haploid
population finishing with a total mapping populatiof 275 lines for the development of a
framework map suitable for QTL mapping.

Linkage analyses were performed using MAPMAKER/EX® (Lincoln et al. 1993). This
version of the program allows analyses géfd backcross populations. The segregation ratio
in a DH-population is the same as in a backcrogsilation, which allows the application of a
backcross genetic model for linkage analyses toubléd haploid population. The markers
were grouped in linkage groups with a minimum LOE8obre of 4.0 and a maximum

recombination frequency of 0.4. The LOD score &sltdgarithm to base 10 of the ratio of two
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likelihoods, the likelihood of two markers beingked divided by the likelihood of the two
markers segregating freely. A LOD score of 4.0 rsethat the linkage likelihood is 4@mes
higher than the free segregation likelihood.

Two point analyses, implemented in the ‘group’ cosmch were performed as the first
mapping step. In this way the recombination valoieall possible two marker combinations
were estimated by the maximum likelihood methodrisher and Balmakund (1928). Using
these estimations markers were assigned to linlgggaps according to the previously
defined linkage thresholds (LOBP 4.0 and r< 0.4). To determine the correct marker order
within the linkage groups exhaustive multi poinabsis was performed by ‘compare’ and
‘try’ commands. Multipoint analysis takes into agobthe primary genotype data for all loci
simultaneously, when determining map orders, madigiances, and map likelihoods. The
recombination frequencies between the markers twansformed into map distances [cM] by
the Kosambi mapping function (Kosambi 1944). TheRS8arkers showing the clearest
banding patterns were used to construct the iniéage groups, following the algorithm
described above. All remaining SSR and AFLP markeyse assigned stepwise to the initial
maps by applying the ‘try’ command. Double crossoeeents were examined and the
original scores rechecked for potential scoringrmstrThe order of the loci within the linkage
groups was additionally verified by the ‘ripple’mmand with a sliding window of 5 loci and
a LOD score threshold of 2.0.

Based on shared markers the newly established naspaligned with four previously
constructed maps (Lowe et al. 2004; Piqguemal e2@)5; Sharpe and Lydiate, unpublished
data; Uzunova et al. 1995, extended version ofithp), which allowed the linkage groups to
be designated according to the ‘N’ nomenclaturBarkin et al. (1995).

2.2.11.2 Phenotypic Data Analyses

For statistical analysis of phenotypic data PLABIT¥ersion 3A (Utz 2003) was used by
the LATTICE procedure, which calculates adjustecamgalues and provides a list of the
incomplete block effects. The statistical model far lattice design implemented in
PLABSTAT Version 3A is:

Yik =M +§+hj + o+ g,
where Y is an observation of genotype k in block j of plietion i; p is the general mean;
ri is the effect of replication i;;bis the effect of block j in replication i ds the effect of
genotype k; & is the error of observation.
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The test for outliers implemented in PLABSTAT folle a modification of the method of
Anscombe and Tukey (1963) that is based on thecti@teof extreme residuals. The list of
detected outliers was examined and for the outkdth the highest standardized residual
(Utz 2003) the data were checked for errors. laasd step, the analyses were repeated with
the outliers considered as missing values. Theyaisabf variance (ANOVA) and adjusted
means of this output were used in the subsequahysas.

The broad sense heritability?] was estimated as:
~2

"2 ag

T a2 ~2
(gzlr)+0,

Where &} designates the genotypic varianég, shows the effective error variance anis

the number of replications. In the current study ¢invironments were treated as replications

and the error trerm includes genotype by envirortnmgaractions.

2.2.11.3 Datasets for QTL Mapping

The phenotypic data derived from the greenhousdialtdexperiments were organised in
three different datasets, subsequently used separfar QTL mapping. The first dataset
included the adjusted means of the doubled hafilués, the second dataset consisted of the
adjusted means of the test cross hybrids (DH-lnedISL-Express’) and the third set,
referred to as midparent heterosis datad€tH-dataset), was estimated as the deviatizev)
of the test cross hybrid3 C) from the midparent valueMPV) derived as the mean between
the corresponding doubled haploid lifi@H) and the tester ‘MSL-Expres<E)

MPV = (DH + E)/2
Dev =TC — MPV
QTL, which contribute to heterosis are those detdetith theMPH-dataset.

2.2.11.4 Estimation of Heterosis

The levels of midparent and high parent heterogigevestimated for the; Faybrid of the
parents ‘Express’ and ‘R53’, referred to gshEterosis, and for the testcross hybrids, referred
to as average testcross heterosis. The latter stasated as the mean of the heterosis values
of all 250 test cross hybrids. The following eqaat were used for heterosis estimation:

1. MPV of ‘Express’ and ‘R53":
MPV = (Ex + R53)/2
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2. i midparent heterosis:

MPH = F; - MPV
3. k1 high parent heterosis:

HPH =F; — HP
4. MPV of DH-lines and ‘MSL-Express':

250

D l(oH, +MsL-EX)/2]
MPV = 1L

25C
5. Average test cross midparent heterosis:
250
o)
MPH= =2 -MPV
25C

6. Average test cross high parent heterosis:

250

HPH = 13
25C

WhereMPV is midparent valuekx is ‘Express’,MPH is midparent heterosi$]PH is high
parent heterosigiiP is high parentTC is test cross hybrid)H is doubled haploid line and

MSL-Exis ‘MSL-Express’. MPV, MPH, and HPH are average midparent value, average
midparent heterosis, and average high parent lsgerespectively.

For testing the significance of heterosis valussts were applied.

2.2.11.5 QTL Mapping

The software QTLMAPPER version 1.0 (Wang et al. @)9®as used for QTL mapping.
The program allows simultaneous interval mappingpath main effect and digenic epistatic
QTL in RIL, DH or BC populations. It is based onn@xed linear model and performs
composite interval mapping using cofactors. The ehatiplemented in the program can be
expressed as:

Y= HtaX, "'anAjk +ag, XAAjk'l' Zf:quker +IZUMM|keMM| tE,

wherey, is the phenotypic value of a quantitative traitaswed on thekth individual

(k= 1, 2 ... n); u is the population meam;and g are the main effects (fixed) of the two

putative QTL @ andQ), respectivelyag; is the epistatic effect (fixed) betweeh andQ;
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Xa, 1 Xa, and Xan, are coefficients of QTL effects with a sign accaglito the observed

genotypes of the markers (MM;; and M., M;;) and values determined by the test positions

(rwqand ry o) €y, =N(0,02) is the random effect of markefr with indicator
coefficientuy, (1 for MiM;and -1 formymy); e, = N(G, ol ) is the random effect of tHen
marker interaction (between mark€rand market,) with indicator coefficientuy,, (1 for
MMM ML or mgmgmum and -1 for MgMgmume or mynM M,); &, = N(0,07)is the
random residual effect. The inclusion gf and e, is intended to absorb additive and

epistatic effects of background QTL to control &gs in the estimation of QTL effects (Li et
al. 2001; Wang et al. 1999).

The QTL mapping included four main steps performgtth the software. First markers
with significant influence on the trait (cofactossgre identified screening the whole genome
by stepwise regression. The regression analyses based on single marker genotypes for
putative main effect QTL and on all possible paisavmarker pairs for epistatic QTL. The
applied threshold wa® = 0.005. In the second step composite interval pimap was
performed in the genomic regions (covering two reatiktervals) identified in the first step.
Detected putative main effect and epistatic QTLenezpt fixed in the model to control the
background variation by the random effects of thiactors. The applied threshold probability
wasP = 0.005 equivalent to a LOD-score of 1.71 (Wanglef1999). In the third step genetic
parameters (effects and test statistics) were agtuinfor the putative main effect and epistatic
QTL in the regions with a LOD score higher than teplied threshold. Finally the
percentage of the explained phenotypic variatios @&culated for each detected QTL.

The genetic expectations of the parameters estimati¢gh the above model differ
according to the type of the mapping population #mel input dataThe three datasets
described in chapter 2.2.11.3 provide different egieneffect information. The doubled
haploid lines provide an estimate for the additifects ‘a’. Genetic effects detected with the
MPH-dataset represent dominance effects (-d/2)|ewfar the testcrosses the estimated
effects are a combination of both dominance andtiaddeffects - (a + d)/2 and (a — d)/2 if
the donor or the recurrent parent carries a donbimacreasing allele, respectively. An
additional assumption is that the average of teedess performance is higher than the MPV
(positive heterosis); otherwise the estimated &sfacll have the opposite sign. The coding of
the genotypes in the program also influences the of the effect. In this study the effects
were estimated as a substitution of an allele ftoenresynthesized parent with an ‘Express’

allele. The dominance effects presented in chepterere estimated from the output of the
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program (-d/2) multiplied by -2, while the outputtbe QTL mapping with testcross hybrid
data —(a+d)/2 or (a-d)/2 were multiplied by 2.

In case of epistasis the estimated effect in thebldal haploid population equals 4 times
additive x additive genetic interaction (4aa). Hitects in the other two datasets are complex
mixtures of all possible epistatic interactionsdisisle x additive, additive x dominance,
dominance x additive, and dominance x dominanceraction. If two lociA and B are
considered, then the genetic effect in the tesscpopulation represents gar dthg — aths —
adsa, While the effects estimated with MPH-data arggdd aag — agg — aga. Derivation of

the metric effects is presented in Appendix 3.

2.2.11.6 Relationship between Genome Heterozygoségd Trait Expression

The relationship between genome heterozygositytleexpression of traits was tested by
regressing testcross and midparent heterosis valndbe genome heterozygosity assessed
from the genome ratio of the 250 doubled haplai@di The genome ratio is a percentage of
the total genome of a doubled haploid line, whiclyginated from a single parent. In the
current study the genome heterozygosity in eactertess hybrid equals the percentage of
‘R53’ genome in the corresponding doubled haploid.IThe calculation of the genome part
contributed by each parent was performed accortlinpe following rules: if two adjacent
markers carried alleles from the same parent themegion between them was considered as
coming from this parent. If an interval was form®dmarkers carrying alleles from different
parents, then half of the interval was consideretidé from one of the parent and the other

half was considered as contributed by the othezrgar
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3. Results

3.1 Marker Screening

From 622 SSR primer pairs screened 447 (71.8%) geaely scorable banding patterns.
The remaining primer pairs either failed to amppfpducts or the banding patterns could not
be scored unambiguously. From the 447 success$altgened primer pairs 213 (47.7%)
showed polymorphisms between ‘Express’ and ‘R3&, parents of the mapping population,
resulting in 270 putative markers. The screening &fFLP primer combinations resulted in
the detection of 119 putative markers. In most leé tases microsatellite primer pairs
amplified only a single locus or a polymorphic lscaccompanied by a monomorphic
fragment but 39 out of 213 primer pairs (18.3%) kit more than one locus. The majority
of them, 35, amplified two polymorphic loci, 3 réted in the detection of three loci and 1

amplified products from four different positionstire genome.

3.2 Construction of the Genetic Map
3.2.1 Primary Mapping

In a first step a primary map was constructed gusith markers identified in the marker
screening. They were mapped in a subset of the imagwpulaion, which consisted of 96
doubled haploid lines. The size of the linkage guhe marker number, the density of the
markers on the linkage groups, and the alignmetit thie reference maps are summarised in
Table 4. Two of the SSR primer pairs, which hadwah@olymorphisms in the parent
screening failed to produce unambiguous bandintgpes in the subsequent mapping in the
doubled haploid population. Additionally, in the ppang four markers showed linkage to
markers on two otherwise apparently separate lekgigpups. These “cross-linkers” were
excluded from the map. The final number of SSR marlon the primary map was 243, with
122 (50.2%) of them having been scored as domimamkers. In 49 of the dominant SSR
markers the “null” allele was from ‘Express’, while the other 73 markers no allele of the
resynthesized parent was amplified.

In total the primary map included 243 SSR and BRHFLP markers, organised in 24
linkage groups, covering 1916 cM of the rapeseewge. Three markers remained unlinked
and one of the linkage groups consisted only of twsegregating AFLP markers. Of the
mapped markers 114 (31.4%), exhibited a significeviation P = 0.05) from the expected
1.1 segregation ratio. An excess of ‘Express’ aHlelvas observed in 79 markers (69.3%).
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‘R53' alleles prevailed in the other 35 markers .{30). The markers with skewed
segregation were not randomly distributed throughthe rapeseed genome. With an
exception of a few markers on linkage groups N1, N6, N11, N12, N13 and N18 the
majority of the markers with disturbed segregatimre clustered on linkage groups N2, N3,
N4, N7, N8, N9, N10, N14, N15 and N19.

Table 4 Map alignment, linkage group size, number of maskand marker density per
linkage group of the primary map

Linkage Size [cM] Marker Marker Mapl® Map2 Map3 Map4 Total°

Group? No. density

N1 112.9 22 513 10 6 0 1 13
N2a 51.9 7 7.41 3 2 0 0 3

N2b 50.5 4 12.63 0 1 0 0 1

N3 101.4 20 5.07 3 10 0 1 12
N4 73.9 7 10.56 2 3 0 0 4

N5 141.9 20 7.10 1 2 2 1 6
N6 101.0 14 7.21 4 1 1 0 6
N7 24.3 7 3.47 2 3 0 0 5

N8 68.8 8 8.60 0 2 0 0 2

N9 94.6 16 591 2 4 1 0 5

N10 111.4 20 557 7 6 0 0 10
N11 108.3 24 451 6 5 0 0 10
N12 43.1 22 1.96 2 3 0 1 5
N13 133.7 23 5.81 6 8 0 0 9
N1l4a 55.7 13 4.28 0 3 0 0 3
N14b 45.2 11 411 0 2 0 1 3
N15 117.8 27 4.36 3 7 0 0 9
N16 119.1 19 6.27 4 2 2 0 6
N17 127.5 24 5.31 3 7 0 0 8
N18 108.4 17 6.38 5 5 3 0 11
N19 100.3 27 3.71 1 9 1 0 11
LG5 14.8 6 2.47 0 0 0 0 0

LG10 9.6 3 3.20 0 0 0 0 0

LG11 0.0 2 0.00 0 0 0 0 0

Total 1916.1 336 5.28 64 91 10 5 142

®N2a, N2b, N14a and N14b are two unlinked partsnéBlge groups N2 and N14, respectively

®Map1, Map2, Map3, and Map4 show the number of sh&@R markers used for alignment of the new map
with previously established linkage maps, Piqueshall. 2005, Sharpe and Lydiate, unpublished datag et
al. 2004, and Uzunova et al. 1995, extended verdidine map, respectively

°Shows the total number of SSR markers with whiehrtbw map was aligned to at least one of the four
reference linkage maps

The linkage groups were named according to theManclature (Parkin et al. 1995) after
an alignment of the newly constructed map withadseestablished SSR linkage maps (Lowe
et al. 2004; Piquemal et al. 2005; Sharpe and kgdimpublished data, Uzunova et al. 1995,

extended version of the map). Each linkage group aligned with the reference maps based
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on more than 3 shared SSR markers (Table 4).Thete@n major linkage groups, N1 to N19,
which represent the 19 chromosomes of the rapegesaime included 352 (97.0%) markers.
Two additional small linkage groups LG5 with 6 menrkand LG10 with 3 markers, together
covering 24.4 cM, could not be aligned to the mfiee maps or linked to the rest of the
linkage groups of the new map. The map alignmetitated that linkage groups N2 and N14
were not thoroughly covered with markers and reethigplit into two parts, N2a and N2b,

N14a and N14b, with the applied linkage threshal@® = 4.0 and r = 0.4). Even with a

reduced linkage threshold of LOD = 3.0 the sepapaies of the linkage groups remained

unlinked.

3.2.2 Framework Map

The most evenly distributed markers from the prymaap were used for the development
of a framework map, suitable for QTL mapping (HMg. The framework map consisted of
181 markers, including 131 SSR and 50 AFLP markeapped with 275 doubled haploid
lines. The markers formed 21 linkage groups, whiokered 1798.4 cM of the rapeseed
genome. Table 5 provides information on the sizenlmer of markers and density of the
markers on the linkage groups of the framework map.

For the construction of the framework map 275 dedthaploid lines were used, which
increased the precision of the mapping in compariso the primary mapping with 96
doubled haplid lines. The improved mapping preasiesulted in the merging of the two
parts of linkage group N2, although the intervatwsen the former terminal markers,
BRAS083 and MR144b, was large, 32.1 cM.

The clustering of the markers with skewed segregaemained similar to that of the
primary map with two exceptions on linkage group® &hd N12, where new clusters of
markers with disturbed segregation formed. Six marion linkage group N6 were skewed
towards ‘R53 allele, while for 5 markers on linlkeagroup N12 the ‘Express’ allele was the

more frequent one.
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Table 5 Linkage group size, number of markers, and madkesity per linkage group of the
framework map

Linkage Group Size [cM] Marker No. Marker density
N1 100.5 9 11.17
N2 141.6 11 12.87
N3 98.7 8 12.34
N4 77.9 6 12.98
NS 138.7 11 12.61
N6 85.2 9 9.47
N7 27.9 4 6.98
N8 50.8 7 7.26
N9 92.8 10 9.28
N10 103.0 9 11.44
N11 64.1 10 6.41
N12 33.3 7 4.76
N13 121.7 11 11.06
N14 117.4 10 11.74
N15 114.3 12 9.53
N16 104.9 10 10.49
N17 111.5 11 10.14
N18 82.4 10 8.24
N19 98.5 12 8.21
LG5 24.7 2 12.35
LG10 8.5 2 4.25
Total 1798.4 181 9.94

3.2.3 Bulk Segregant Analysis (BSA)

In an attempt to fill the gap between the two paftinkage group N14, 24 AFLP primer
combinations were tested in a bulk segregant aisalysvo bulks were formed, each
consisting of 10 doubled haploid lines, which cadralleles from only one parent for both
parts of the linkage group N14. In total 363 looiymorphic between the two parents were
observed. Nine (37.5%) of the 24 tested primer doatlons showed a total of 14 markers
polymorphic between the bulks. Nine of these markeere mapped to the terminal regions
of N14a. One was positioned within the upper pathe linkage group, while the remaining
8 markers were mapped beyond the lower terminakenasf N14a, extending the linkage
group with 22.1 cM. Five markers were mapped t&adge group N14b. All of them were
placed not at the terminal regions but within thkdge group. The mapping of the new
markers with 96 doubled haploid lines did not caniritbe two parts of linkage group N14.
The extension of the terminal markers to a totahber of 275 lines increased the mapping
precision and resulted in a linkage between N14d ldf@4b with an interval of 23 cM
between the markers E38M48_112E and E32M47_116&fimal map including all mapped

markers is presented in Fig 4.
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Fig. 4 Genetic linkage map @. napug(cross ‘Express’x’R53): Marker loci are presented i
absolute positions from the beginning of the linkagroups in cM, estimated from the
recombination frequencies assayed from 96 douldgtbid lines with the exception of tige
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E32M47_116R on N14, which were estimated from #wmbinations of 275 DH lines. The
recombination frequencies were transformed in chbeting to Kosambi mapping function.
The markers in bold were chosen for the constraoatibthe framework map. The markers
deviating significantly from the expected 1:1 segteon ratio are designated with ‘+ if
skewed towards ‘Express’ alleles, and with *-‘het'R53’ allele is the more frequent one.
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3.3 Detection of Duplicated Regions in the Rapese&@tnome

Rapeseed is an amphidiploid species with a higlellef similarities between the
homoeologous A and C genomes, which explains thglicdtion of B. napus loci.
Duplications occur also within the A and C genoni®SLP markers proved to be very useful
for studying the homoeology between different geesim amphidiploids (Parkin et al. 1995;
Sharpe et al. 1995). Duplications can be also studsing SSR primer pairs, which amplify
more than one locus. The assessment of the levtlpications in the rapeseed genome was
not a priority of the current study and the numiieBSR primer pairs, which amplified more
than one locus showing polymorphisms was not |lamgugh for a comprehensive analysis,
but the detected homoeologous regions between tedAC genome are an indication for the
complexity of the rapeseed genome. A total of 3gnher pairs out of 213 (18.3%) amplified
more than one polymorphic locus (see chapter Ba¥ed on them 42 duplicated regions
were observed in the rapeseed genome. In 8 ofabescthe duplications were on the same
linkage group. This was most pronounced on linkgageips N2 and N13 where two internal
duplications per linkage group were observed. Twemio duplications were between
homoeologous regions of the A and C genome. Foplicgations were within the A- and 8
within the C genome. The complex relationships keetwchromosomes N3, N4, N9, N10,
N12, N13, N14, N18 and N19 are presented in Fidn Bnost of the cases the homoeologous
regions were detected with not more than two mark€B-N19; N10-N19; N4-N14b). More
evident homoeology was observed between linkageipgroN3-N13 and N9-N18. The
homoeologous region between N3 and N13 includedadkens covering 12 and 13 cM
respectively. N9 and N18 shared 3 common markershadovered regions of 42 and 54 cM,
respectively. It appeared that linkage group N18s@ied mostly of duplicated loci with an
upper part corresponding to a region of N10, a ieidelgion aligned to loci on N3 and N13,

and a lower part corresponding to a region of N12.
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Fig. 5 Duplicated regions on linkage groups N3, N4, N9ONM12, N13, N14, N18, and
N19. Lines connect corresponding duplicated loci

3.4 Analysis of Early Fresh Shoot Biomass
3.4.1 Heterosis for Early Fresh Biomass

Early fresh biomass of the doubled haploid andid¢isécross populations together with the
parents ‘Express’ and ‘R53’, theig Rybrid, and the hybrid cultivar ‘Elektra’ used @secks,
was measured in a greenhouse trial. Significanétgerariation was observed in the doubled
haploid lines, the corresponding testcrosses arel rthidparent heterosis data. The
heritabilities, genetic variances, and effectiveoermeans from the analysis of variance
(ANOVA) of the alpha lattice are presented in Tahle

For early plant biomass a highly significant midg@rheterosis of 33% was observed in
the R hybrid and the high parent heterosis reached 158bl¢ 7). The average testcross
midparent heterosis was 12% (Table 8). This deer@asomparison with the;Fheterosis
was expected since the tester ‘MSL-Express’ is densderile version of the cultivar
‘Express’, used as a parent in the original crasstie development of the doubled haploid
population. This leads to 50% less heterozygousnoaite test hybrids than in the parental F
hybrid, explaining the only half as large heterdsigel. With only 5% the mean of the high

parent heterosis of the testcrosses was of a Imagnitude but still statistically significant.
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Table 6 Genetic variance, effective error mean and hetitglof early fresh biomass in the
doubled haploid lines, test cross hybrids, and amelpt heterosis data

Poplation/Data set 5—; g2 h2

DH lines 6.01** 8.49 0.74
TC hybrids 0.99** 5.71 0.41
MPH 4.72** 13.59 0.58

g ; genetic varianced, j effective error mean varianch’ heritability
**Significant atP = 0.01

Table 7 F; and parental performance, midparent value arftekerosis of early fresh biomass

Heterosis (%)
Express? R53J MPV F MPH HPH

18.04 13.09 15.56 20.70 33.0** 15.0**

Early fresh biomass [g/plant];
*PH and HPH: midparent heterosis and high pareterbsis. **Significant aP = 0.01

Table 8 Performance of ‘Express’, the doubled haploid pajen and the corresponding
testcros$ybrids as well as the average testcross midparehhigh parent heterosis of early
fresh biomass

Mean of
Heterosis (%)
Express? DH-Linesd MPV TC MPH HPH
18.04 17.79 17.91 20.03 12.0** 5.0**

Early fresh biomass [g/plant];
®MPH and HPH: midparent heterosis and high pareterasis. **Significant aP = 0.01

3.4.2 Transgressive Segregation of Early Plant Bioass

A large number, 107 out of 250 (42.8%), doublegldid lines showed higher biomass
performance than the high parent. Forty six of treaan outperformed the, Rybrid of the
two parents. The transgressive segregation canab@lfy explained by the dispersal of
alleles with positive and negative effects betwdentwo parents. The distribution of early

fresh biomass in the doubled haploid lines anddkecross hybrids are shown in Fig. 6.
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Fig. 6 Distribution of early fresh biomass in the doubleaploid lines and the testcross
hybrids. ‘Ex’, ‘R53’ and ‘F1’ designate the mearlues of ‘Express’, ‘R53’ and the, lybrid

3.4.3 Relationship between Early Fresh Biomass ar@enome Heterozygosity

The effect of genome heterozygosity on the midpaneterosis and on the performance
for fresh biomass of the testcross hybrids wasuewatl by regressing the midparent heterosis
value and the trait value of each testcross hytmidats percentage of genome heterozygosity.
The Pearson correlation coefficient ‘r’, obtainednfi the regression analysis should reflect
the importance of heterozygosjter seto the expression of a particular trait. The \#iain
early fresh biomass in the testcross hybrids showedsignificant correlation to the
heterozygosity level (r = 0.09). Midparent hetesogalues were significantly correlated at
P = 0.01 with the level of heterozygosity but onlyttwa very low correlation coefficient,

r = 0.274. The lack of correlation indicates tha tverall genome heterozygosity alone had

little effect on the trait expression.
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3.4.4 Correlations between Line and Testcross Perimance and Midparent Heterosis

The correlation analysis indicated that the vamairctestcross performance was largely
determined by the variation in heterosis insteadhef variance in the performance of the

corresponding doubled haploid lines (Table 9).

Table 9 Phenotypic correlation for fresh biomass betweaubted haploid line values (DH),
testcross hybridvalues (TC) and midparent heteradises (MPH)

Coefficient Between DH & TC Between MPH & TC Between DH & MPH

r 0.265** 0.657** -0.553**

% — Pearson correlation coefficient, ** SignificattP = 0.01

With r = 0.657 the correlation between the testerpsrformance and the midparent
heterosis was relatively high, while the correlatioith the doubled haplod line performance
at r = 0.265 was still significant but much lowek. moderate in magnitude, negative

correlation was observed between the doubled héptaes and the midparent heterosis.

3.4.5 QTL Mapping for Early Fresh Biomass
3.4.5.1 Analyses of Main Effect QTL

The results of the main effect QTL analyses ofyefrdsh biomass using the three different
datasets are summarised in Table 10. Four QTLfgignt atP = 0.005 were detected in the
doubled haploid line population, which together laxp 31.8 % of the phenotypic variance
and 43% of the genotypic variance. In all caseptrent ‘Express’ contributed the increasing
allele. A putative QTL significant a® = 0.05 was detected on linkage group N3, which
coincided with a QTL with significant dominance exff. No significant QTL with additive
effect was detected on linkage group N12, but tieolate value of the effect at this position
was estimated from the other datasets (see ch@metr1.5 and Appendix 3). The QTL
mapping with the midparent heterosis values reguftieghe localization of three QTL which
explain a total of 14.8% of the phenotypic variaaoel 25.5% of the genotypic variance. In
all three cases the dominance effects were posiingcating that the allele increasing the
trait was dominant. The dominance effect on linkggmup N11 was estimated from the other
datasets.
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Table 10QTL and their main effects detected in the doulblaploid line population (DH-Lines), the midparéeterosis values (MPH) and the
testcross hybrid population (TC-Hybrids)

DH-Lines MPH TC-Hybrids
-6 Interval o DAl igbanl (o e 5 %%
N3 E32M51_283E - MR12 475  3.10.35 0.0 435 52 1.00° 8.2 2.9
N9 CB10476 - CB10373b 51.1 6.8 -0.76 55
N11 OI10E12 - E32M49 285R 121 256 130 21.1 (+0.49) 00 98 081" 6.3 0.4
N12 Nal2E04b - Nal12A01b (0.23) 342 40 0777 44 342 99 -054 28 3.3
N13 E32M47_113E - E32M51_161E 1414 45 054 22
N13 E32M47_134E - BRAS065 190 6.80.36° 1.6
N13 CB10329b - CB10427 76.0 3.80.49" 3.0
N19 CB10575b - CB10295 101.8  7.40.63" 6.1

®Positions are measured from the beginning of tilatie group in cM

b+ Significant atP = 0.05; ** Significant aP = 0.005; *** Significant af® = 0.001

The values in brackets are calculated from thecésfat this locus detected with the other datasets
Vp: Explained phenotypic variance [%)]

d/a: Dominance ratio
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Three QTL were detected in the testcross populatitimey explain 14.6% of the
phenotypic and 35.6% of the genotypic variance. Tokdhese QTL coincided with QTL
detected with the other datasets but the QTL dkatie group N9 was detected only in the
testcross population.

The degree of dominance was estimated under themasi®n that coinciding QTL
detected with different datasets represent one taadsame QTL. Thus the QTL on N3
showed strong overdominance with a dominance ratia) of 2.9. Overdominance was
observed also for the QTL on linkage group N12 veitdominance ratio 3.3. No QTL with
significant additive effect was detected in theisagon N13 where a QTL with dominance
effect was located. The dominance effect in thigiae was 0.54 g/plant fresh biomass,
evidently higher than the lowest additive effe€.36 g/plant, detected in the doubled haploid
lines, which is an indication for overdominancetiis region. The dominance ratio on linkage

group N11 was 0.4 showing partial dominance.

3.4.5.2 Analyses of Epistatic Interactions

In the doubled haploid population a total of 23 owolved in epistatic interactions in 12
digenic combinations were detected (Table 11). Bivthese loci (on N11 and N13) showed
significant additive effects. The epistatic intdrags explained 34.1% of the phenotypic
variance for early fresh biomass, which was slightgher than the variance explained by the
main effect QTL (31.8%). Epistatic effects were adge at 9 pairs of loci, indicating that
recombination of the parental alleles increasety gdant biomass, while at the other three
pairs of loci parental allele combinations conttédazlipositively to the trait.

In the QTL mapping with the testcross hybrids 1@edic epistatic interactions were
detected, which explained 38.1% of the phenotypitation between the hybrids (Table 11).
This was considerably higher than the 14.6% expthioy the main effect QTL. Two of the
19 loci involved in epistatic interactions showégh#icant main effects as well.

Twenty loci involved in 11 pairwise epistatic comdiions were detected with midparent
heterosis data (Table 11). They explained 39.3%®fphenotypic variance. None of the loci

involved in epistasis demonstrated significant nedfacts.
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Table 11 Epistatic interactions for fresh biomass detectethe doubled haploid (DH) and
the testcross hybrid (TC) populations and withrthéparent heterosis values (MPH)

Set LG Pod LG Pos LOD A’ A AA; VP ani ©
DH N1 20 N11 121 256 1.30%*  -0.33* 1.38
DH N2 530 Ni12 23.0 42 -0.48%* 2.95
DH N3 475 Ni7 1241 3.1 -0.39%* 1.90
DH N3 101.8 N14 1021 3.3 -0.38** 1.80
DH N4 191 N14 400 53 -0.52%*+ 3.43
DH N4 561 N7 282 48 -0.59%*+ 4.27
DH N4 721 N13 190 6.8 0.36** -0.53% 3.48
DH N5 783 N7 70 51 0.06%** 4.49
DH N6 00 N15 197 28 0.40** 1.97
DH  N10 296 Ni5 1239 3.7 0.31** 1.22
DH  N11 432 LG10 80 5.9 -0.60%+* 4.46
DH N18 92 N19 551 3.4 -0.47%% 2.77
TC N1 6.0 N14 12.0 3.6 0.39%** 5.79
TC N1 00 N18 569 3.4 -0.31 %+ 3.73
TC N3 59.3 N12 342 99 -0.27** -0.27** 2.85
TC N4 941 N8 444 55 0.33%*+ 4.25
TC N5 00 Ni1 00 98 0.41%%%  .0,32%* 3.97
TC N6 327 N19 729 35 0.32%** 3.90
TC N10 57.6 N17 479 3.1 -0.29%*+ 3.11
TC N13 6.0 N16 184 3.6 0.29** 3.24
TC N13 21.0 N14 56.7 3.5 -0.29% 3.22
TC N14 341 N15 1119 3.8 -0.33%* 4.04
MPH N2 735 Ni14 20 23 0.29** 2.45
MPH N4 20 Ni16 44 51 -0.35%*+ 3.57
MPH N4 249 N13 413 33 -0.33% 3.09
MPH N4 60.1 N8 53.0 4.9 0.42%% 5.22
MPH N6 10.0 N11 69.6 3.2 0.36*** 3.73
MPH N6 10.6 N20 12.0 35 -0.37%* 4.03

For abbreviations see page 47
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Table 1Y/Continued from page 46

Set LG Poé LG Pos LOD AP A AA; Vpaai ©
MPH N6 594 N13 720 3.2 0.26%* 1.98
MPH N6 492 N18 634 3.1 -0.31 %% 2.89
MPH N7 70 N9 1074 3.2 -0.30%* 2.71
MPH N10 17.0 N11 20 43 -0.40%** 4.71
MPH N15 46.6 N16 559 5.0 0.4+ 4.88

®Positions are measured from the beginning of tilatie group in cM

°A, Aj: main effects at loci i and j; AA epistatic interaction effect between loci i and j
* Significant atP = 0.05; ** Significant atP = 0.005; *** Significant atP = 0.001

Vpaai : Explained phenotypic variation in [%)] by the eptic interactions

3.5 Analysis of Yield and Yield Components
3.5.1 Analysis of Variance and Heritability

The genetic variance and the heritability of grgield (GY) and the yield components,
thousand kernel weight (TKW), seeds per siliquesiii/and siliques per square decimetre
(Sil/dn") are summarised in Table 12. Significant genedidation was observed for all traits
in the three different datasets. The heritabilitgi@in yield and thousand kernel weight in the
doubled haploid population was high, 0.83 and Or@%pectively, while the heritability of
seeds per silique and siliques per square decimste lower with 0.67 and 0.66,
respectively. A trend to lower heritability in thestcross population was observed compared
to the heritabilities in the doubled haploid popaa. This is understandable as the genetic
variance of the testcross population was lower tiiat of the doubled haploid population
because all testcross hybrids shared a commontpareife the environmental variance was
of the same magnitude. The considerably high Hmlitta of grain yield compared to other
studies (Diepenbrock and Becker 1995) can be at&ibto very high genetic variation
observed in the doubled haploid population andehability of the experimental data, scored
at four locations using yield plots organised isp&cific design to control the environmental
variance. The heritabilities calculated with thelpa@rent heterosis values were similar to the
heritabilities estimated in the doubled haploid @lagon. A minor increase was observed for
GY, while for TKW, S/Sil and Sil/df a slight decrease in MPH-data heritability was
detected compared to the heritability in the dodlblaploid population.
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Table 12 Genetic variance, effective error mean and hetitglaf the doubled haploid lines,
test cross hybrids and midparent heterosis data

A

Population/Dataset 5—; g2 h2
Trait®
DH lines
GY 30.14** 23.90 0.83
TKW 0.09** 0.03 0.91
S/Sil 8.20** 16.37 0.67
Sil/dn? 40.10** 83.10 0.66
TC hybrids
GY 4.44** 11.21 0.61
TKW 0.02** 0.02 0.72
S/Sil 1.83** 12.07 0.38
Sil/dn? 7.17% 45.14 0.39
MPH data
GY 33.37** 23.05 0.85
TKW 0.06** 0.05 0.80
S/Sil 5.83** 27.79 0.46
Sil/dn? 41.01* 122.73 0.57

3GY, TKW, S/Sil, Silldni: Grain yield, thousand kernel weight, seeds péque and siliques per dm
respectively;J gz genetic varianceﬁe2 effective error mean varianch’ heritability
**Significant atP = 0.01

3.5.2 Correlations between Grain Yield and Yield Cmponents

Phenotypic correlations were estimated by the &efjluphenotypic means from four
locations, making phenotypic correlations similargenetic ones. The correlations between
grain yield and yield components are presentedalnid 13. The correlations estimated for the
doubled haploid and testcross populations and tld@arent heterosis data were different in
magnitude but the sign of the correlations was same. In all datasets the association
between yield and seed weight was very low, inthgathat variation in thousand kernel
weight did not contribute strongly to variation gnain yield. Seeds per silique had a more
evident but still low influence on yield. The nunnlzé siliques per square decimetre was the
trait most closely correlated with yield, with= 0.611 in the doubled haploid population. All

correlation coefficients between yield componengsernegative, meeting the general opinion
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that selection for one yield component only is advisable since it would lead to a reduction

in the other yield components.

Table 13 Correlations between yield and yield componentisnesed for the doubled haploid
lines, the test cross hybrids and the midparemrbsis data

DatasetTrait GY TKW S/Sil
DH line population

TKW -0.136*

S/Sil 0.263** -0.480**

Sil/dn? 0.611* -0.027 -0.466**
TC hybrid population

TKW -0.025

S/Sil 0.121 -0.140*

Sil/dn? 0.371** -0.074 -0.699**
MPH data

TKW -0.047

S/Sil 0.116 -0.122

Sil/dn? 0.294** -0.248** -0.746**

* **Sjgnificant at P = 0.05,P = 0.01, respectively. See Table 12 for abbrewviatio

3.5.3 Analysis of Heterosis for Grain Yield and Yikel Components

Table 14 and 15 present keterosis, the performance of thehybrid and its parents as
well as their midparent value and the average resdcheterosis together with the means of
the doubled haploid lines, their correspondingctrests hybrids and the mean midparent value
of the doubled haploid lines with the tester ‘MSkplEess’.

As expected, the most complex trait, grain yieltpvged the highest level of heterosis —
30.0% F heterosis and 13.0% average testcross heterasisigNificant high parent heterosis
for yield was observed. The average testcross Ipigient heterosis was negative and
statistically significant but with a very low magpnile. Thousand kernel weight did not show
significant midparent £heterosis, the average testcross midparent heteermched -1.2%,
which was significant but very low, indicating tithbusand kernel weight is unimportant for
yield heterosis in the population under study. Sgesr silique exhibited positive midparent
heterosis of 11.2% for the Rybrid, in contrast to the expectations it reach2d% for the
testcross hybrids. This was the only trait showpigitive high parent heterosis but with low
magnitude. The highest; fnidparent heterosis of yield-determining traitssvedoserved for
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siliques per square decimetre — 19.0%, but theageetestcross midparent heterosis was
insignificant. Negative better parent heterosis wlaserved for Fand testcross hybrids but it
was significant only in case of the latter. For thehybrid the yield heterosis was largely
explained by the heterosis levels of seeds pejusiland siliques per square decimetre, with
the latter contributing stronger to heterosis. Seger siligue was the only yield component
contributing to the average testcross midparergrbsis.

Table 14F; and parental performance, midparent value artekerosis

Heterosis (%)

Trait? Express? R537 MPV F MPH HPH
GY 47.61 23.53 35.57 46.19 30.0% -3.0
TKW 4.44 4.21 4.32 4.29 -0 -3.2%x

Ss/sil 25.41 23.97 24.69 27.46 11.2* B.1

Sil/dn? 43.40 24.13 33.76 40.18 19.0** -4

3GY, TKW, S/Sil, Sil/dnt: Grain yield [dt/ha], thousand kernel weight [gkeds per silique and siliques per
dn?, respectively

®MPH and HPH: midparent heterosis and high paremérbsis. *, **Significant atP = 0.05,P = 0.01,
respectively, ns — nonsignifivant

Table 15Performance of ‘Express’, the doubled haploid pafien and the corresponding
testcros$ybrids as well as the average testcross midparehhigh parent heterosis

Mean of
Heterosis (%)
Trait® Express? DH-Linesd MPV TC MPH HPH
GY 47.61 32.16 39.88 45.04 13.0** -5.0**
TKW 4.44 4.19 4.31 4.26 -1.2%* -5.0**
S/Sil 25.41 21.43 23.42 26.28 12.7** 2.6**
Sil/dn? 43.40 37.57 40.48 40.98 %8 -7.9%

3GY, TKW, S/Sil, Sil/dnt: Grain yield [dt/ha], thousand kernel weight [gkeds per silique and siliques per
dn?, respectively

°MPH and HPH: midparent heterosis and high paremérbsis. *, **Significant atP = 0.05,P = 0.01,
respectively, ns — nonsignifivant
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3.5.4 Transgressive Segregation of Grain Yield andield Components

Figure 7 shows the distribution of phenotypic mefang/ield and yield components of the
doubled haploid lines and their corresponding test hybrids. It is evident that the genetic
variance in the testcross population was considerdabver, than in the doubled haploid

population, which is attributable to the fact ttest cross hybrids shared a common parent.
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Fig. 7 Distribution of grain yield, thousand kernel weigkeeds per silique and siliques per
square decimeter in the doubled haploid and testchybrid populations. ‘Ex’, ‘R53" and
‘F,’ designate the mean values of the parents ‘Expr&&s3’ and their kit hybrid.

For all traits evaluated, there were doubled hagioies exceeding the phenotypic value of
the high parent or the;Fybrid from which the doubled haploid populatioasndeveloped.
For grain yield, which showed the highest midpareeterosis, there still was one doubled
haploid line with higher performance than the hpginent and theFhybrid. The fact that the
doubled haploid line exceeded the phenotypic valuéExpress’ was because of genetic
reasons rather than environmental noise, as thk diperiment was designed to control the
environmental noise and experimental errors. Tls&ctess hybrid distribution of thousand

kernel weight and siliques per square decimetrelameed completely with the doubled
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haploid line distribution, which was expected assth traits showed no significant average
testcross heterosis. Fifty seven (22.8%) doubleioid lines were better than ‘Express’ for

thousand kernel weight and for siliques per sqdam@metre ‘Express’ was outperformed by
54 lines (21.6%). In case of seeds per silique wisegnificant i and average testcross

heterosis were observed, still 9 doubled haploiddiexceeded the phenotypic value of the F
hybrid and 36 (14.4%) were better than the parErpress’. As explained in chapter 3.4.2,
the pronounced transgressive segregation is mobaply a result of dispersal of positive and

negative alleles between the parents as well adoremation of epistatic interactions.

3.5.5 Relationship of Grain Yield and Yield Componets with genome heterozygosity

The effects of genome heterozygosity on midpareterbsis and on the testcross hybrid
performance of yield and yield related traits arespnted in Table 16. Except for the
midparent heterosis of grain yield, no significardrrelation was observed between the
overall genome heterozygosity and testcross hypadormance, indicating that overall
genome heterozygosity alone had little effect aat texpression in the testcross hybrid

population.

Table 16 Correlation coefficientsr] and coefficients of determination®’ between genome
heterozygosity and the trait value in the testcrogsrid population (TC-hybrids) and the
midparent heterosis data (MPH)

Trait* TC-hybrids MPH

r R° r R
GY -0.040ns -0.002 0.287** 0.078
TKW 0.019ns -0.004 0.045ns -0.002
S/Sil 0.033ns -0.003 0.044ns -0.002
Sil/dn? -0.067ns 0.000 0.108ns 0.008

3GY, TKW, S/Sil, Sil/dnt: Grain yield [dt/ha], thousand kernel weight [gkeds per silique and siliques per
dn?, respectively
ns — nonsignificant, **Significant & = 0.01

3.5.6. Correlations between Line and Testcross Perfmance and Midparent Heterosis
Values of Grain Yield and Yield Components

The correlation analyses showed that the performamndéndividual testcross hybrids was
determined by different factors for different tsaitnder study. In case of seeds per silique and

siligues per square decimetre the variation of tlstcross hybrid performance was
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determined predominantly by the variation of hedeyoinstead of the variation of the
performance of their doubled haploid parents (TafGle The correlation coefficients between
midparent heterosis and testcross hybrid performamere 0.703 and 0.698 for seeds per
siligue and siliques per square decimetre, resgaygfi while the correlations for the same
traits between doubled haploid lines and testchy$sids was 0.243 and 0.202, statistically
significant but low in magnitude. Opposite resultsre observed for thousand kernel weight.
For this trait a higher correlation coefficient@666 was detected for doubled haploid lines
and test cross performance, while the correlatietwéeen the hybrids and midparent heterosis
was lower with a correlation coefficient of only2@8, which is consistent with the result that
for thousand kernel weight average testcross haterwas very low. The testcross
performance for this trait was largely determineg the parental doubled haploid

performance.

Table 17 Phenotypic correlation between doubled haploice Ivalues (DH), testcross
hybridvalues (TC) and midparent heterosis valueBKiy

Trait  Coefficien® Between DH & TC Between MPH & TC  Between DH & MPH

GY r 0.401** 0.354** -0.715**
TKW r 0.666** 0.238** -0.566**
S/Sil r 0.243** 0.703** -0.519**
Sil/dm? r 0.202** 0.698** -0.560**

AGY, TKW, S/Sil, Sil/dnt: Grain yield [dt/ha], thousand kernel weight [gkeds per silique and siliques per
dn?, respectively
®r — Pearson correlation coefficient, ** Significatt® = 0.01

For grain yield the correlation coefficients betwedoubled haploid lines and testcross
hybrids and between midparent heterosis valuegestdross hybrids were 0.401 and 0.354,
respectively. Nearly equal correlation coefficiemdicated that the variation of the doubled
haploid line performance and the levels of heteradi individual hybrids contributed to

similar extent to the variation in the performangk testcross hybrids. The correlation
between the doubled haploid lines and midparergrbsis data for all traits under study was

negative and of moderate magnitude.
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3.5.7 QTL mapping for Yield and Yield Components
3.5.7.1 Analyses of Main Effect QTL

The results of the main effect QTL analyses folldyiand yield determining traits are
summarised in Table 18 and Fig. 8.

Grain Yield Six QTL with effects significant @ = 0.005 were detected in the doubled
haploid population, which explained 32.7% of theepbtypic and 39.4% of the genotypic
variation. Five QTL showed positive additive effedhdicating that the parent ‘Express’
contributed the beneficial alleles, as expectedesihis an elite variety. The effect of the QTL
on linkage group N5 was negative, meaning that alele of the resynthesized parent
increased the yield. The QTL on linkage group N4RBilgited the highest additive effect and
it alone explained 12% of the phenotypic variation.

Three QTL with effects significant @ = 0.005 and one additional putative QTL,
significant atP = 0.05, were detected with the midparent heterdsitg. Together they
explained 18.1% of the phenotypic and 21.3% ofgireotypic variation. Only one significant
QTL was detected in the testcross population, widohtributed 2.3% and 3.8% to the
phenotypic and genotypic variance, respectivelypdtative QTL with low effect, but
congruent with the QTL detected at this locus ia ¢ither datasets was localised on linkage
group N12.

The QTL detected simultaneously in the differentadats allowed an assessment of the
degree of dominance of the QTL (Table 18). The @FLlinkage group N12 showing the
highest additive effect, exhibited partial dominangith a dominance ratiadfa) of 0.74.
Partial dominance was also observed for the QTlinkage group N19, while the QTL on
N13 showed overdominance. The QTL on N6 was ontgdaled in the midparent heterosis
data, with a dominance effect of 1.07 dt/ha. Tlisot was higher than the lowest additive
effect detected in the doubled haploid populatiodicating overdominance for the QTL on
N6. The QTL mapped on linkage group N3 with théd®ss data most probably represents a
sum of the additive and dominance effects, whicliewsot large enough to be detected
individually in the doubled haploid population detmidparent heterosis data.

Thousand kernel weighBeven QTL with additive effects significant Rt= 0.005 were
mapped in the doubled haploid population, whichl&xred 27.8% of the phenotypic and
30.5% of the genotypic variance. Three of these @mlinkage groups N1, N7 and N12,
respectively showed negative effects, indicatingt tthe resynthesized parent contributed
alleles for larger seeds. The remaining four QThveld positive additive effects, meaning

that the alleles for heavier seeds were from ‘EsgreThe dispersal of alleles with positive
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and negative effect on thousand kernel weight betwthe two parents, observed on QTL
level, explained the pronounced transgressive gago: detected on phenotypic level (see
3.5.4). Two putative QTL not significant & = 0.005 but congruent with QTL showing
significant dominance effects were mapped on liekggoup N19. In addition the additive
effect on linkage group N3 was estimated from tifieces detected with the other datasets, as
explained in Appendix 3 and chapter 2.2.11.5.

Three QTL with dominance effects were mapped with midparent heterosis data. They
explained 26.5% and 33.1% of the phenotypic andbtypic variance, respectively. The
dominance effects of the QTL on linkage groups N, and N11 were calculated as
described above. Two QTL showed positive dominagitects indicating that the allele
increasing seed size was dominannt but the ladmsinance effect on linkage group N19
was negative, partly explaining the small negataegrage heterosis for thousand kernel
weight in the testcross population (Table 15).

Four QTL detected with testcross hybrid data, arplh 28.7% of the phenotypic and
39.9% of the genotypic variance. The two QTL okdige groups N7 and N11 showed effects
as large as the additive effects detected at tloese the doubled haploid population, which
is a hint for additivity. Most of the detected QTdr thousand kernel weight showed only
additive effects, which is not surprising as theseslved heterosis level for this trait was
negative and very low (-1.2%). Nevertheless theTd @ith dominance effects mapped on
linkage groups N3 and N19 showed overdominancelewthe QTL on N1 exhibited partial
dominance (Table 18).

Seeds per siliqueThree QTL were mapped in the doubled haploid fadmn, which
explained 25.5% of the phenotypic and 38.1% ofghleotypic variance. The two QTL on
linkage groups N5 and N11 showed negative effentsgning that the resynthesized parent
contributed the increasing alleles. For the QTIN®nthe allele for more seeds per silique was
inherited from ‘Express’. Only one QTL significaat P = 0.005 was detected with the
midparent heterosis data, which explained 4.3% @88 of the phenotypic and genotypic
variance, respectively. An additional putative Q3ignificant atP = 0.05 was localised on
linkage group N19 in congruency with a QTL with dioke effect at this position. The
dominance effect of the QTL on N5 was calculatedeaplained in Appendix 3 and
chapter 2.2.11.5.

The QTL mapping in the testcross population redultethe detection of two QTL on
linkage groups N5 and N17, which explained 18.3%th&f phenotypic and 48.2 of the

genotypic variation. The QTL effect on N5 was oh#ar magnitude as the effect detected at
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this locus in the doubled haploid population, iadiieg additivity. The calculated dominance
effect at this position was close to zero (Table T8e QTL on linkage group N17 represents
the sum of the additive and dominance effects iatltdtus, which individually were below

the power of detection in this mapping experiméftie dominance effects of the QTL
mapped with the midparent heterosis data were |dwan the additive effects at these
positions, which indicated partial dominance witbndnance ratios of 0.7 and 0.6 for the
QTL on linkage groups N11 and N19, respectively.

Siliques per square decimetr&Seven QTL were detected in the doubled haploid
population, which explained 32.7% of the phenotymd 49.5% of the genotypic variance. In
all cases except the QTL on linkage group N19 thditeve effect was positive, meaning that
the parent ‘Express’ contributed the increasingled. No QTL with dominance effects were
identified, which was congruent with the insigréfit levels of heterosis observed for this
trait (Table 17). Only one QTL was detected in tdscross population, explaining 6.3% and
16.2% of the phenotypic and genotypic variancepeesvely. No QTL with additive effect

was detected at this position.
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Table 18 QTL and their main effects detected in the doulblegloid line population (DH-Lines), the midparémterosis values (MPH) and the
testcross hybrid population (TC-Hybrids)

DH-Lines MPH TC-Hybrids
Trait® LG Interval Pog LOD Effect® Vp° Pos LOD Effect Vp Pos LOD Effect Vp d/a®
GY N3 E32M47_414E - E32M51_283E 150 4.0.67 2.3
GY N5 E32M47_41R - E35M62_249E 103.4 6.1 -108 4.1
GY N6 Ra2F04b - CB10030 948 48 107 3.2
GY N7 CB10439 - MR153b 40 50 139 6.8
GY N12 Nal2E04b - Na12A01b 342 135 185 12.0 316 139 136 53 342 20 050 0.0 0.8
GY N13 CB10427 - E32M47_113E 875 58 109 4.2 780 139 183 96 1.7
GY N17 MR127 - Ni4AO7b 16.0 26 078 21
GY N19 E32M49 400E - CB10357a 00 58 099 35 00 49 056 0.0 0.6
TKW N1 CB10597 - E32M51_340R 104.2 6.5 -010 6.4 (+0.05) 1142 6.3 -005 2.7 0.5
TKW N3 MR12 - E32M47_292R (+0.03) 59.3 4.0 %0 3.9 665 6.9 -008 8.2 1.7
TKW N5 MR119-MD21 686 45 0.06 22
TKW N7 MR153b - MD20a 170 94 -07i0 6.8 (0.00) 202 8.7 -010 107
TKW N9 CB10022b - CB10311 98.6 43 005 15
TKW N1l CB10536 - CB10357b 00 57 007 33 (+0.01) 20 71 008 71
TKW  N12 CB10600 - E35M62_117E 270 85 -0.08 3.8
TKW N16 MR133.1- CB10234 873 6.0 008 38
TKW  N19 Ni4A07a - CB10109a 749 57 -0004 0.0 709 7.0 -0.10 16.2 2.5
TKW N19 CB10288 - CB10575b 101.0 4.3 0.03 0.0 101.1 2.4.060 6.4 2.0

For abbreviations see page 58
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Table 18Continued from page 57

DH-Lines MPH TC-Hybrids

Trait® LG Interval Pof LOD Effectt Vp© Pos LOD Effect Vp Pos LOD Effect Vp d/a’
S/Sii N5 MD21- MR113 70.1 139 -138 88 (+0.20) 632 79 -1B8 125 0.1
S/Sil N11 CB10536 - CB10357b 40 153 -159 117 00 42 -1.06 423 0.7
S/Sil N17 E32M49 413E - BRAS014 577 38 108 58

S/Sil N19 CB10345 - Nal0B11lb 565 7.1 105 5.0 520 40 0.66 0.0 0.6
Silldn? N3  E32M47_414E - E32M51_283E 270 41 1’84 45

Silldn? N3  MR12 - E32M47_292R 653 25 123 2.0

Silldn? N5 E32M51_326R - E35M62_260R 422 6.6 15029

Sil/dm? N7  CB10439 - MR153b 00 50 Z22 63

Sil/dm? N11 MD60a - OI10E12 95 65 166 3.6
Sil/dm? N12 Nal2E04b - Nal12A01b 342 150 328 14.1
Sil/dm? N16 CB10211b - CB10632 204 6.6 144 27
Silldn? N19 CB10345 - Nal0B11lb 585 4.2 -150 29

AGY, TKW, S/Sil, Sil/dnt: Grain yield [dt/ha], thousand kernel weight [sgeds per silique and siliques per draspectively
PPositions are measured from the beginning of tiielie group in cM

% Significant atP = 0.05; ** Significant aP = 0.005; *** Significant atP = 0.001;

The values in brackets are calculated from thecesffat this locus detected with the other datasets

%p: Explained phenotypic variance [%]

“d/a: Dominance ratio
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N1 N2 N3 N4 N5 N6 N8 N9 N10
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Fig. 8 Framework map oB. napuswith QTL for grain yield (GY), thousand kernel \gbi (TKW), seeds per silique (S/Sil), siliques pguare
decimetre, and early fresh biomass (EFB). DH, T@ MifPH are QTL detected in the doubled haploid pafpam, the testcross population, and the
midparent heterosis data, respectively. Markertjpos are calculated from recombination frequenaiesording to Haldanes mapping function.
For ‘+" and *-* signs at the end of the marker nansee Fig 4.
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3.5.7.2 Analyses of Epistatic Interactions

The results of the QTL analyses for epistasis anensarised in Table 19.

Grain yield Six loci involved in 3 digenic interactions sifjoant atP = 0.005 were
detected in the doubled haploid population (Tal®® The epistatic interactions explained
15.9% of the phenotypic variation for grain yieidthe doubled haploid population. One of
these loci, on linkage group N19 had already shavamgnificant main effect as well. Three
additional digenic epistatic interactions betweelo& were identified aP = 0.05. Two of
these loci exhibited significant additive effectelaone of them (on N12) interacted with loci
on two different linkage groups. One epistatic effevas negative, indicating that a
recombinant allele combination increased graindyidlhe rest of the effects were positive
meaning that parental allele complexes contributadhigher grain yield. Thirteen loci
involved in 7 epistatic interactions were identifien the testcross hybrids, which explained
33.4% of the phenotypic variation. Only one of thdsci, on linkage group N3 showed a
significant main effect. With midparent heterosestadwere detected 18 loci in 9 pair wise
interactions, explaining 36.6% of the phenotypicasce. None of these represent loci with
significant main effects.

Thousand kernel weightwelve loci involved in 8 digenic interacions wettetected in the
doubled haploid population (Table 19). They ex@dir20.9% of the phenotypic variation.
Two loci showed significant main effects with theclis on linkage group N7, beeing
involved in two different epistatic interactionstiviopposite effects, showing that in one case
(N7-N6) the parental allele combination contributeheficially to seed weight, while in the
other case (N7-N5) the recombinant allele combimaincreased seed weight. The QTL
mapping in the testcross hybrid resulted in theatedn of 12 loci in six combinations, which
explained 28.4% of the phenotypic variation. Onehase loci showed a significant main
effect. Only 2 significant epistatic interactiongmn identified with midparent hetrosis data.
They involved 4 loci and explained 11.9% of the rpdtgpic variance. The low number of
epistatic interactions was in agreement with the keterosis observed for thousand kernel
weight (Table 15).

Seeds per siliqueln total 16 loci involved in 8 digenic epistatinteractions, which
explained 19.3% of the phenotypic variation, westedted in the doubled haploid population
(Table 19). Seven showed positive effects, while aas negative. One of the loci involved
in epistasis exhibited a significant additive effas well. Two digenic interactions between
four loci were identified in the testcross popuati Together they explained 12.0% of the

phenotypic variation of the trait. None of thesei vas identical to a locus with main effect.
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Epistatic interaction analyses with midparent retesr data resulted in the identification of 23
loci involved in 14 epistatic interactions. With .B% the epistasis for seeds per silique
explained a considerably higher portion of the mitgpic variance than the 4.3% explained
by the main effect QTL. No loci with significant maeffect were included in epistatic
interactions.

Siliques per square decimetiéifteen loci in nine pair-wise combinations wenapped in
the doubled haploid population, explaining 33.5% tbe phenotypic variance. Four
interactions were with negative and five with pwesiteffects. One locus, on linkage group
N19 showed also significant main effect. Only oniiaction between two loci on the same
linkage group, N18, that were 32.7 cM apart wastified in the testcross hybrids. The
phenotypic variation explained was 8.0%. The amaysith midparent heterosis data led to
the detection of 4 loci, involved in 2 epistatictaractions, explaining 10.5% of the
phenotypic variation. The identification of onlysenall number of epistatic interactions was
expected since no significant heterosis for silggper square decimetre had been observed
(Table 15).

Table 19 Epistatic interactions detected in the doubled didpl(DH) and testcross
populations (TC) and the midparent heterosis valiiEzH)

Trait® Sef LG Po§ LG  Pos LOD A A AA; VP ani) ©
Y DH N2 1690 N7 300 51 1.425**  6.46
Y DH N3 653 N12 342 135 1.85% 0.759* 0.00
Y DH N5 1034 N6 367 6.1 -1.08%* 0.725* 0.00
Y DH N1l 95 N12 342 84 1.74%%* 0.540* 0.00
Y DH N13 29 N14 1061 44 -1.215%* 520
Y DH N14 40 N19 00 58 0.99% 0.964** 327
Y TC N2 198 N8 262 3.1 0.448**  4.76
Y TC N2 1153 N3 150 4.0 0.62* -0.348** 2.87
Y TC N3 1121 N13 450 33 -0.427*  4.32
Y TC N13 250 N18 419 3. -0.413* 4.05
Y TC N13 549 N16 264 35 -0.463** 5,08
Y TC N15 594 N19 531 4.1 0.470%* 524
Y TC N15 744 N16 304 49 -0.545**  7.05

For abbreviations see page 64
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Table 19Continued from page 61

Trait® Se LG Po§ LG Pos LOD A A AA; VP ani) ©
Y MPH N2 0.0 N2 168.5 3.3 -0.586*** 3.91
Y MPH N2 117.3 N3 0.0 6.5 -0.771%** 6.76
Y MPH N3 57.3 N10 47.6 3.3 0.5971*** 3.97
Y MPH N3 106.1 N10 14.0 3.5 0.501*** 2.86
Y MPH N9 8.1 N20 30.0 5.4 -0.689*** 5.40
Y MPH N11 40 N15 576 4.8 -0.668*** 5.08
Y MPH N11 69.6 N18 59.4 2.1 -0.423** 2.04
Y MPH N14 42.0 N19 0.0 4.9 -0.608*** 4.21
Y MPH N14 128.1 N16 92.6 2.6 0.459** 2.40
TKW DH N1 33.3 N2 1525 7.9 0.088*** 4.98
TKW DH N4 96.1 N12 27.0 8.5 -0.08*** 0.058*** 2.16
TKW DH N4 96.1 N12 22.6 3.4 0.067** 2.89
TKW DH N5 151.0 N7 17.0 9.4 -0.10***  -0.063*** 2.55
TKW DH N6 49.2 N14 50.0 3.3 -0.059*** 2.24
TKW DH N6 55.2 N7 150 135 -0.11%** 0.048** 1.48
TKW DH N6 82.8 N8 20.4 4.0 0.062*** 2.47
TKW DH N13 47.0 N14 40.0 3.3 0.058*** 2.16
TKW TC N1 114.2 N14 0.0 6.3 -0.05*** 0.021** 2.05
TKW TC N3 8.0 N16 264 5.9 -0.04*** 7.44
TKW TC N4 32.9 N5 34.2 4.6 0.036*** 6.03
TKW TC N5 153.0 N15 594 5.2 0.032%** 4.76
TKW TC N8 36.4 N16 71.9 3.7 -0.03*** 4.19
TKW TC N15 127.9 N16 0.0 4.6 -0.029*** 3.91
TKW  MPH N8 28.2 N20 28.0 5.3 0.035*** 7.64
TKW MPH N11 61.1 N15 29.7 4.1 -0.026*** 4.21

For abbreviations see page 64
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Table 19Continued from page 62

Trait® Se LG Po§ LG Pos LOD A A AA; VP ani) ©
S/Sil DH N1 72.8 N6 49.0 5.8 0.885*** 3.60
S/Sil DH N1 98.2 N7 15.0 8.4 0.829*** 3.16
S/Sil DH N3 0.0 N3 1121 4.0 0.675*** 2.09
S/Sil DH N5 78.8 N18 23.2 3.8 -0.609*** 1.70
S/Sil DH N7 0.0 N17 414 3.9 0.627** 1.81
S/Sil DH N8 55.0 N16  89.3 3.3 0.613** 1.73
S/Sil DH N11 7.3 N12 122 12.0 -1.41** 0.784*** 2.82
S/Sil DH N11 61.1 N17 58.1 4.4 0.722%** 2.39
S/Sil TC N2 141.3 N4 18.0 4.8 -0.555%** 6.21
S/Sil TC N15 87.2 N19 22.2 3.3 -0.535*** 5.77
S/Sil MPH N2 148.7 N4 18.0 2.9 -0.417%** 2.65
S/Sil MPH N2 1525 N18 61.4 3.1 -0.397** 2.41
S/Sil MPH N3 6.0 N11  69.6 4.6 0.387** 2.29
S/Sil MPH N3 33.0 N9 19.0 6.9 -0.610*** 5.68
S/Sil MPH N4 0.0 N19 52.0 4.0 -0.436** 2.90
S/Sil MPH N4 34.9 N13 135 3.9 -0.566*** 4.89
S/Sil MPH N4 32.9 N18 265 4.8 0.622%** 5.90
S/Sil MPH N5 2.2 N9 34.7 3.6 -0.494*** 3.72
S/Sil MPH N5 167.0 N17 30.7 4.5 -0.634*** 6.13
S/Sil MPH N9 8.1 N11 61.1 4.0 0.429** 2.81
S/Sil MPH N10 90.1 N17 247 4.7 -0.524*** 4.19
S/Sil MPH N11 9.5 N15 1259 3.8 -0.469*** 3.36
S/Sil MPH N12 34.2 N18 91.6 2.7 0.402** 2.47
S/Sil MPH N13 31.3 N19 911 3.0 -0.398** 2.42
Silldn? DH N2 2.0 N8 32.2 3.2 1.676*** 3.69
SilldnP DH N2 1525 N5 107.4 3.9 -1.396*** 2.56
SilldnP DH N5 169.0 N7 17.0 3.8 -1.691*** 3.75
Silldn? DH N6 49.0 N10 57.6 4.4 1.352%** 2.40
Silldn? DH N8 36.4 N19 585 4.2 -1.50** -1.823*** 4.36
Silldn? DH N11 414 Ni5 724 5.0 1.823*** 4.36

For abbreviations see page 64
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Table 19Continued from page 63

Trait® Se LG Po§ LG Pos LOD A A AA; VP ani) ©
SildP DH N11 69.6 N19 262 1.9 1.074* 1.51
Sildm® DH N14 36.1 N19 551 4.9 1.823**  4.36
Sildm® DH N18 4.0 N18 265 4.9 -2.232%*  6.54
Sildm® TC  N18 589 N18 916 3.4 1.255**  8.02
Sildm? MPH N2 0.0 N20 40 3.2 -1.268** 5.86
Silldn? MPH N4 00 N19 531 26 1.129* 4.65

AGY, TKW, S/Sil, Sil/dnt: Grain yield [dt/ha], thousand kernel weight [sgeds per silique and siliques per
dn?, respectively

®DH, TC, MPH: doubled haploid population, testcrbgbrid population, and midparent heterosis dataset,
respectively

°Positions are measured from the beginning of tiieatie group in cM

A, A;: main effects at loci i and j; AAepistatic interaction effect between loci i and j

* Significant atP = 0.05; ** Significant aP = 0.005; *** significant atP = 0.001;

*Vp: Explained phenotypic variance [%)]

3.6 Analysis of Plant Height and Phenological Trag
3.6.1 Analysis of Variance and Heritability

In addition to yield and yield related traits, alglant height and the phenological traits
beginning, end and duration of flowering were eatdd in the field trials. The genetic
variance and the heritability are presented in @a20. Highly significant variation was
observed for all traits under study in the doubilegloid, and testcross hybrid population and
in the midparent heterosis data. A relatively loaritability was observed for plant height
because the analysis was based on data from onlyovations, due to scoring problems in
Grund-Schwalheim and Rauischholzhausen. Similath® heritability of the previously
described traits, the heritability in the testcrdsgrid population was lower than in the

doubled haploid population.
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Table 20Genetic variance, effective error means and helithabf the doubled haploid lines,
the test cross hybrids and the midparent hetedzes for plant height and the phenological
traits

A

Population/Dataset g: o5 h2
Trait*
DH lines
PH 76.42** 47.65 0.76
BF 5.07* 1.08 0.93
EF 14.31** 5.80 0.88
DF 9.58** 6.05 0.83
TC hybrids
PH 8.96** 26.39 0.40
BF 0.57* 0.38 0.82
EF 1.93** 3.05 0.66
DF 1.14* 2.99 0.53
MPH data
PH 30.15** 98.52 0.55
BF 3.98** 1.17 0.91
EF 11.04** 7.76 0.81
DF 7.27%* 8.10 0.73

%PH, BF, EF, DF: plant height , beginning of flowegj end of flowering, duration of flowering, restieely;
g s genetic variancegd ez effective error mean varianc’ heritability
**Significant atP = 0.01

3.6.2 Correlations between Plant Height, Beginningznd, and Duration of Flowering

The correlations between plant height, beginnieigd, and duration of flowering are
presented in Table 21. Although the magnitudesefdorrelations estimated in the doubled
haploid, and testcross populations and in the medgdeterosis data differed, the signs of the
significant correlation coefficients were alway® ttame. Positive correlation was observed
between plant height and the flowering relatedtdraProlonged duration of flowering was
determined predominantly by a later end of flowgramd not by an earlier beginning of

flowering.

65



Mladen Radoev PhD Thesis Results

Table 21 Correlations between plant height (PH) and begmiiBF), end (EF), and duration
of flowering (DF) estimated in the doubled hapldides, the test cross hybrids and the
midparent heterosis data

DatasefTrait PH BF EF

DH-line population

BF 0.389**

EF 0.437** 0.518**

DF 0.242** -0.081 0.811**
TC-hybrid population

BF 0.130*

EF 0.279** 0.442**

DF 0.240** -0.050 0.874**
MPH data

BF -0.096

EF 0.114 0.408**

DF 0.184** -0.130* 0.852**

*, **Sjgnificant at P = 0.05,P = 0.01, respectively. See Table 20 for abbrewviatio

3.6.3 Analysis of Heterosis for Plant Height, Begming, End, and Duration of Flowering

F1 heterosis and the performance of théybrid, its parents and their midparent value are
presented in Table 22. Table 23 shows the averagferdss heterosis together with the
performance of ‘Express’, the mean performance h&f doubled haploid lines and the
testcross hybrids, as well as the average midpastae of the doubled haploid lines with the

tester ‘MSL-Express’.

Table 22F; and parental performance, midparent value artekerosis

Trait® Heterosi8
Express? R534 MPV F MPH HPH

PH 143.72 150.22 146.97 170.64 16.0** 14.0**

BF 254.54 258.35 256.45 254.98 -1.5%* 8.7

EF 279.64 284.68 282.17 283.93 1.8* 0.8

DF 25.1 26.30 25.71 28.94 3.2%* 2.6%*

®PH, BF, EF, DF: plant height [cm] , beginning ofvilering [days after sowing], end of flowering [dagféer
sowing], duration of flowering [days between BF &€, respectively

®MPH and HPH: midparent heterosis and high paretgrosis estimated in percentage for PH and in éays
BF, EF, and DF. *, **Significant & = 0.05,P = 0.01, respectively; — nonsignificant
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Table 23Performance of ‘Express’, the doubled haploid pafen and the corresponding
test crossybrids as well as the average test cross midparghhigh parent heterosis

Mean of
Heterosis
Trait® Express?  DH-Linesd MPV TC MPH HPH
PH 143.72 155.90 149.81 169.99 14.0** 9.0**
BF 254.54 257.38 255.96 255.19 -0.8** -2.4**
EF 279.65 285.71 282.68 283.25 0.6** -2.5%*
DF 25.11 28.33 26.72 28.06 1.3% 02

%PH, BF, EF, DF: plant height [cm] , beginning ddvilering [days after sowing], end of flowering [degféer
sowing], duration of flowering [days between BF &g, respectively

®MPH and HPH: midparent heterosis and high pareterbsis estimated in percentage for PH and in éays
BF, EF, and DF. **Significant & =0.01," — nonsignificant

Significant k- and average testcross midparent heterosis wasrvaas for all traits under
study, although for beginning and end of flowerihgvas of a low magnitude. Generally,
hybrids quite often have a shorter vegetative pefflower earlier and have a slightly earlier
maturity (Diepenbrock and Becker 1995), which ekyddhe negative heterosis for beginning
of flowering, but the hybrids of this populationngxited prolonged duration of flowering and
positive heterosis for end of flowering as wellxcEpt for plant height, there was again a
clear reduction (about 50%) in the average testcheterosis compared tq Reterosis as

previously observed for yield and yield components.

3.6.4 Transgressive Segregation of Plant Height arile Phenological Traits

Figure 9 shows the distribution of phenotypic nsetor plant height and flowering-related
traits of the doubled haploid lines and their cgpending testcross hybrids. For the traits
under study the genetic variance in the testcragmilption was lower than in the doubled
haploid population, as previously observed ford/iahd yield components. In case of plant
height, where the highest level of heterosis wasenked, still 19 doubled haploid lines were
higher than the F1 hybrid, and 173 (69.2%) excedtedhigher parent R53. Twenty nine
lines started to flower earlier and 16 reached nitgthefore the earlier parent ‘Express’. One
hundred and eighty three lines (73.2%) floweredafdonger duration than R53, and 83 lines
showed a longer flowering period than the Hybrid, although a significant heterosis of
12.6% for duration of flowering was observed. Transgressive segregation detected for the
flowering-related traits indicate that the allefes early entering in a generative phase are

distributed between the two parents.
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Duration of flowering

End of flowering

Similar to the traits described in previous sewjmo significant correlation was observed
between the overall genome heterozygosity and rtestchybrid performance (Table 24),

haploid line and testcross hybrid populationg., ‘@esignate the mean value of the F1 hybrid,
pointing out that overall genome heterozygositynaltiad little effect on trait expression in

Fig. 9 Distribution of plant height, beginning, end, addration of flowering in doubled
‘Ex’ and ‘R53’ shows the mean values of the parédatpress’ and ‘R53'.

3.6.5 Relationship of Plant Height and the Phenolagal Traits with Genome

the testcross hybrid population

Heterozygosity
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Table 24 Correlation coefficientsr] and coefficients of determination&’) between the
genome heterozygosity and the trait value in testchybrid population (TC-hybrids) and
midparent heterosis data (MPH)

Trait® TC-hybrids MPH

r R° r R
PH 0.082° 0.003 0.08% 0.004
BF 0.031° -0.003 -0.13% 0.014
EF -0.009° -0.004 -0.040° 0.265
DF -0.028° -0.003 0.032 -0.003

%PH, BF, EF, DF: plant height , beginning-, end-q aaration of flowering, respectively
ns — nonsignificant, **Significant & = 0.01

3.6.6 Correlations between Linger se Testcross Performance and Midparent Heterosis
Values of Plant Height and Flowering-related Traits

The correlation analyses showed that differentofactdetermined the testcross hybrid
performance, as already described for yield anldl giemponents. For beginning of flowering
the variation of the testcross performance wasroeted predominantly by the variation of
the mean performance of the doubled haploid paiestsad of the variance in the heterosis
(Table 25), which was consistent with the significhut very low level of heterosis observed
for this trait (Table 23). For the rest of the tsaithe correlation coefficients between the
performance of the testcross hybrids, the doubbgaldid lines, and the midparent heterosis
were of similar magnitude, indicating that the aade of the performance of the parents and
the levels of heterosis contribute to similar ektenthe variation in the testcross hybrid
performance. Negative correlations were observetivden the doubled haploid line

performance and the miparent heterosis for alisttander study.

Table 25 Phenotypic correlation between doubled haploidupegpn (DH), testcross hybrid
population (TC) and the midparent heterosis (MPH)

Trait® Coefficien? Between DH & TC Between MPH & TC Between DH & MPH

PH r 0.413** 0.479** -0.601**
BF r 0.538** 0.150* -0.754**
EF r 0.464** 0.355** -0.664**
DF r 0.398** 0.429** -0.658**

®PH, BF, EF, DF: plant height , beginning-, end-ql @uration of flowering, respectively
®r — Pearson correlation coefficient, *,** SignifideastP = 0.05,P = 0.01, respectively
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3.6.7 QTL Mapping for Plant Height and the Phenologal Traits
3.6.7.1 Analyses of Main Effect QTL

The main effect QTL analyses for plant height, bagig, end, and duration of flowering
are summarised in Table 26 and Fig. 10.

Plant height Six QTL significant atP = 0.005 were detected in doubled haploid
population, which explained 27.7% of the phenotypied with a heritability of 0.76, 36.4%
of the genotypic variation. Three QTL showed negaadditive effects indicating that R53
contributed the alleles for higher plants. In tlestrof the QTL these alleles came from
‘Express’. A single QTL, with a rather large effeat 3.89 cm, explaining 7.8% of the
phenotypic and 14.2% of the genotypic variance idaatified with the midparent heterosis
data on N12. No correspondent QTL with additiveeffvas detected at this locus, indicating
overdominance. QTL mapping with testcross hybrithdasulted in the detection of 2 QTL,
which explained 16.5% of the phenotypic and 41.3% e genotypic variation.

Beginning of floweringNine QTL significant aP = 0.005 were mapped in the doubled
haploid population. They explained 50.4% of the ratgpic and 54.2% of the genotypic
variation. Two major QTL were identified on linkageoups N11 and N16, explaining 24.3%
of the phenotypic variance. In 5 QTL, including thmajor ones, the additive effect was
negative, showing that ‘Express’ contributed alefer an earlier flowering time. In the
remaining 4 QTL earlier flowering time was deterednby alleles coming from the
resynthesized parent. The QTL mapping with midpategterosis data resulted in the
detection of 3 QTL with dominance effects Rt= 0.005, which explained 15% of the
phenotypic and 16.5% of the genetic variance. Aditamhal putative QTL atP = 0.05,
congruent with a QTL with additive effect, was itldad on linkage group N16. In all cases
except the QTL on N19, the dominance effect wasiting explaining the negative heterosis
for beginning of flowering. The dominance effecttla¢ loci on linkage groups N5, N9, and
N19 was indirectly calculated from the effects detd with the other two datasets. Six QTL
were identified in testcross population, explainB®7% and 27.7% of the phenotypic and
genotypic variation, respectively. In all caseseptdhe QTL on N16, they overlapped with
QTL showing additive or additive and dominance @#8e allowing an estimation of the
dominance effects at these positions even if titerlavas under the detection threshold. A
single QTL on linkage group N9 exhibited overdonmoa with a dominance ratio of 1.5. The
remaining QTL where dominance effects could be utated showed partial to full
dominance with dominance ratio ranging from 0.0.®(Table 26).
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End of flowering Nine QTL were mapped in doubled haploid populatiwhich explained
34.5% of the phenotypic and 39.2% of the genotypitance. The additive effects of 5 QTL
were negative, indicating that ‘Express’ contrilslidleles for a shorter flowering period. For
the remaining 4 QTL, the alleles for earlier endloWering were contributed by R53. Three
QTL were identified with the midparent heterosigagdaxplaining 17.6% and 21.7% of the
phenotypic and genotypic variation, respectivelye hegative dominance effect of 2 of these
QTL indicated that these QTL in heterozygous staigld reduce flowering time with respect
to the midparent value, which contradicted the tpasheterosis observed for this trait. Three
QTL were identified in the testcross populationplexing 21% of the phenotypic and 31.8%
of the genotypic variance of the trait. None ofsedoci coincided with QTL showing
additive and/or dominance effect. All QTL detectaith dominance effects exhibited
overdominance.

Duration of flowering Five QTL atP = 0.005, were mapped in the doubled haploid data.
They explained 22% of the phenotypic and 26.5%hef genotypic variance. The negative
additive effect for 3 of the QTL, showed that tHielas of R53 determined a prolonged
flowering period. The QTL mapping with the midparemeterosis data resulted in the
detection of two QTL with dominance effects, whiekplained 10.5% and 14.4% of the
phenotypic and genotypic variance, respectivelye QTL on linkage group N10 showed
partial dominance with dominance ratio of 0.4, whithe QTL on N11 exhibited

overdominance (d/a = 1.2). No QTL were identifieithvthe testcross hybrid data.

3.6.7.2 Analysis of Epistatic Interactions

The results of QTL analyses for epistasis are sumsethin Table 27.

Plant height Only a single interaction was identified in theulled haploid population,
between a QTL with a significant main effect anld@us without detectable main effect. The
epistasis explained 3.3% of the variation for plaeight in the doubled haploid population.
Six loci involved in 3 digenic interactions were telded in the testcross population,
explaining 17.9% of the phenotypic variance. Oné¢hef 6 loci exhibited a significant main
effect as well. QTL mapping for epistasis with timédparent heterosis data resulted in the
detection of 9 loci involved in 5 pair-wise combiiwas. One locus on linkage group N12
showed also a main effect. The epistatic interastiexplained 39.3% of the phenotypic

variance.
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Table 26 QTL and their main effects detected in the doulblegloid line population (DH-Lines), the midparémterosis values (MPH) and the
testcross hybrid population (TC-Hybrids)

DH-Lines MPH TC-Hybrids
Trait® LG Interval Pos LOD Effect® Vp° Pos LOD Effectt Vp° Pos LOD Effect® Vp° d/a®
PH N5  E35M62_249E - E32M47_41R 169.0 5.0 2.706.0
PH N8  E35M62_128R - E32M48_296R 470 25 -2711 3.6
PH N1l OI10E12 - E32M49 285R 121 63 -295 93
PH N12 CB10600 - E35M62_117E 29.0 100 389 78
PH N15 Nal0G08b - OI10B02 237 52 229 43
PH N15 E32M48_82E - Na10G08b 120 39 2736 4.6
PH N16 BRAS048 - CB10211b 0.0 5.0 -259° 55
PH N16 CB10632 - CB10213 399 51 2585 7.2
PH N16 CB10632 - CB10213 51.9 4.6 -213 3.7
BF N5  E35M62_260R - MR119 63.2 3.3 040 26 (0.10) 646 41 030 3.2 0.3
BF N9  CB10022b - CB10311 96.6 7.9 -056 5.0 (+0.29) 107.4 59 -027 26 0.5
BF N9  CB10092a - MR153d 227 79 -058 54 207 131 -086 8.1 1.5
BF N10 CB10109b - Na10D07 234 41 041 2.7
BF N11 CB10536 - CB10357b 2.016.1 -0.92° 13.6 00 92 -054 50 00 35 -038 53 0.6

For abbreviations see page 74
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Table 26Continued from page 72
DH-Lines MPH TC-Hybrids
Trait® LG Interval Pof LOD Effect® Vp® Pod LOD Effect® Vp° Po? LOD Effect® Vp° d/a’
BF N15 CB10611 - E32M49 494R 576 9.0 -056 5.0
BF N16 CB10213- E32M47_152R 63.9 17.6 -0:8210.7 599 1.9 -0.27 0.0 639 80 -025 23 0.3
BF N16 CB10632-CB10213 479 76 030 3.2
BF N19 OI10C10 - Nal2EO4a 520 4.4 046 3.3 (+0.06) 520 45 040 6.1 0.1
BF N19 E32M49 400E - CB10357a 0037 036 21 122 42 033 1.9 0.9
EF N1  E32M49 51R - CB10597 879 22 -053 15
EF N1  CB10597 - E32M51_340R 100.2 4.2 -068 54
EF N8  E35M62_128R - E32M48_296R 550 3.8 -0.68 28
EF N9  CB10373b - CB10022b 953 7.4 -0%6 55
EF N10 NalODO07 - CB10552 336 96 -127 7.8
EF N1l CB10005 - E32M48 273E 69.6 32 (059 1.7 656 7.3 088 45 1.5
EF N12 CB10600 - E35M62_117E 29.0 41 073 2.6
EF N13 E32M47_113E - E32M51_161E 1334 51 07426
EF N16 CB10632 - CB10213 479 3.7 -084 34
EF N17 BRAS014 - MD50 621 7.7 -113 6.2 497 89 -1729 103 1.1
EF N19 CB10357a - 0I10D08 122 58 080 3.2
EF N19 0Il10D08 - OI10C10 355 72 070 6.7
EF N19 CB10109a-CB10288 857 43 -088 89

For abbreviations see page 74
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Table 26Continued from page 73

Trait® LG Interval

DH-Lines

TC-Hybrids

PoS LOD Effect® Vp°

Pod LOD Effectt

Pos LOD Effect® Vp° d/a

DF N1 E32M49_51R - CB10597

DF N10 CB10109b - Nal1l0DO7

DF N11 MD60a - OI10E12

DF N12 CB10600 - E35M62_117E

DF N13 E32M47_113E - E32M51_161E

879 4.7 -0.77 35
29.4 16.1 -130 9.9
95 6.4 082" 39
29.0 32 062 23
141.4 6.1 0.7524

0.4
1.2

®PH, BF, EF, DF: plant height [cm] , beginning ob\lering [days after sowing], end of flowering [dagfter sowing], duration of flowering [days betweBF and EF],

respectively

PPositions are measured from the beginning of tiielie group in cM
% Significant atP = 0.05; ** Significant aP = 0.005; *** Significant atP = 0.001;

The values in brackets are calculated from thectffat this locus detected with the other datasets
%p: Explained phenotypic variance [%]

°d/a: Dominance ratio
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Beginning of floweringFour epistatic interactions, which explained #2.56f the phenotypic
variation for beginning of flowering, were idend&ifl in the doubled haploid population. They
included 8 loci one of which showed a significardimeffect as well. Three of the epistatic
interactions were negative, while one additive Hithide epistatic effect was positive. Eight
loci involved in four digenic interactions were npaa with the testcross hybrid data. Two
loci on linkage group N9 and N16 exhibited sigrafit main effects as well. The phenotypic
variance explained by epistasis was 20.2%. Fifieeninvolved in 8 digenic interactions
were identified with the midparent heterosis ddtayl explained 27.7% of the phenotypic
variance. One of the loci involved in epistaticeractions, on linkage group N11, had shown
a significant main effect as well (Table 26, 27).

End of flowering In total 11 loci involved in 6 digenic interaati® were mapped in the
doubled haploid population. Only one of these kxdnibited a significant main effect. Two
interactions showed negative additive x additivistagic effects, while for the remaining four
interactions the epistatic effects were positivee Epistatic effects explained 19.2% of the
phenotypic variation for end of flowering. The mappin the testcross hybrid population led
to the identification of 18 loci included in 9 paiof loci. They explained 49.4% of the
phenotypic variance of the trait. No locus with maeffect was involved in epistatic
interactions. Eighteen loci involved in 11 digenideractions were localised with the
midparent heterosis data. They explained 40.3%hef ghenotypic variation, which was
considerably higher than the 17.6% explained by nien effect QTL. For midparent
heterosis, as well as in the testcross hybrid daaaQTL with significant main effect was
involved in epistasis.

Duration of flowering QTL mapping for epistatic interactions resultadhe detection of
12 loci involved in 7 pair-wise combinations in theubled haploid population. Two of these
loci showed significant main effect as well (Talke, 27). The QTL on linkage group N10
was involved in two digenic interactions. In tote$.4% of the phenotypic variation for
duration of flowering in the doubled haploid pogdida was explained by epistasis. A large
percentage of 54.7% of the phenotypic variatiothstestcross population was explained by
14 digenic interactions including 24 loci. Nonetbém showed significant main effects. No
loci with significant main effects were identifiad main effect QTL mapping as well,
meaning that the whole variance explained for domatof flowering in the testcross
population was due to epistasis. Twenty one loeolved in 11 digenic interactions were

mapped with the midparent heterosis data. Onlyadriieem showed a significant main effect.
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In total the epistatic interactions explained 44.@%the phenotypic variation, which was
considerably higher than the 10.5% explained byhreffects.

Table 27 Epistatic interactions detected in the doubled ¢idp(DH), and testcross (TC)
populations and the midparent heterosis data (MPH)

Trait® Se LG Po§f LG  Pos LOD Af A AA; VP i) ©
PH DH N2 723 N15 237 2.29%* 1.992%* 325
PH TC N3 455N11 121 6.3 -2.95%*%  1.256%* 6,70
PH TC N9 207 N10 1201 4.9 1.232%*  6.45
PH TC N10 53.6N17 120 35 -1.059** 477
PH MPH N1 644N1 839 53 -2.221%*  16.02
PH MPH N6  10.6 N14 ©56.7 3.6 1.153%*  4.32
PH MPH N11 69.6 N16 71.9 4.0 1.287** 538
PH  MPH N12 29.0N16 71.9 10.0 3.1%=* 1.574**  8.04
PH MPH N13 155N14 827 4.6 -1.306*** 554
BF DH N1 00 N3 335 31 0.380** 231
BF DH N2 408 N15 111.9 6.0 -0.508***  4.13
BF DH N5 979 N12 290 4.1 -0.388**  2.41
BF DH N6 948 N15 576 9.0 -0.56*  -0.454***  3.30
BF TC N2 550N14 849 46 -0.194** 542
BF TC N6 654 N16 479 7.6 -0.30%*  0.206***  6.11
BF TC N9 107.4 N15 1279 5.9 -0.27* 0.190%* 520
BF TC N13 129.4 N14 1304 3.3 0.155%*  3.46
BF MPH N1 437 N8 302 38 -0.250***  4.30
BF MPH N2  40.8 N15 1209 3.0 0.170**  1.99
BF MPH N2 69.0 N7 182 43 0.230***  3.64
BF MPH N2 1153 N13 708 4.8 -0.189%*  2.46
BF  MPH N8 40 N16 759 115 -0.347**  8.29
BF MPH N10 254 N18 7.2 3.9 0.190%* 249
BF MPH N10 294 N11 00 9.2 -0.54%*  0.167**  1.92
BF MPH N12 126 N21 80 29 0.193* 2.57

For abbreviations see page 79
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Table 27Continued from page 77

Trait? SeP LG Po§ LG  Pos LOD Af A AA; VP i) ©
EF DH N2 115.3 N9 12.1 4.7 -0.774*** 2.88
EF DH N2 148.7 N19 101.1 6.3 0.836*** 3.37
EF DH N6 20.7 N9 81 7.1 1.079%** 5.61
EF DH N9 40.4 N10 33.6 9.6 =127 0.827*** 3.29
EF DH N11 12.1 N19 757 3.4 0.691*** 2.30
EF DH N13 56.8 N19 87.1 3.4 -0.598** 1.72
EF TC N2 39.8 N12 20 3.7 0.330*** 5.04
EF TC N2 101.5 N14 106.1 2.6 0.309** 4.42
EF TC N2 145.3 N6 47.0 3.3 -0.320*** 4.74
EF TC N3 12.0 N16 121.9 2.6 0.294** 4.00
EF TC N3 57.3 N20  30.0 4.5 0.382*** 6.75
EF TC N5 74.1 N5 99.4 3.9 -0.455** 9.58
EF TC N6 30.7 N16 30.4 2.8 0.284** 3.73
EF TC N1l 16.3 N17 16.0 3.8 -0.316*** 4.62
EF TC N16 102.4 N18 58.9 3.8 0.375*** 6.51
EF MPH N1 72.8 N11 20 48 0.437*** 4.75
EF MPH N1 106.2 N4 211 4.4 -0.409*** 4.16
EF MPH N4 48.1 N13 135 5.0 0.435*** 4.71
EF MPH N5 99.4 N10 90.1 5.0 -0.385*** 3.69
EF MPH N10 15.0 N14 6.0 3.9 -0.409*** 4.16
EF MPH N10 102.1 N18 47.9 3.6 0.384*** 3.67
EF MPH N11 6.0 N15 6.0 3.2 -0.329*** 2.69
EF MPH N12 0.0 N16  35.9 5.2 0.393*** 3.84
EF MPH N13 74.0 N18 11.2 4.6 0.412%** 4.22
EF MPH N14 0.0 N18 91.6 2.6 0.301** 2.25
EF MPH N15 75.6 N16 39.9 2.3 0.297** 2.19
DF DH N7 6.0 N15 65.4 4.6 0.543** 1.73
DF DH N9 51.1 N10 215 3.6 0.672*** 2.64
DF DH N10 29.4 N1i1 0.0 16.1 -1.30** -0.725*** 3.08
DF DH N10 35.6 N15 654 15.6 -1.36*** -0.509** 1.52

For abbreviations see page 79
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Table 27Continued from page 78

Trait® Sef LG Pof LG  Pos LOD Af AA; VP i) ©
DF DH N10 68.9 N17 101.3 3.4 0.566** 1.87
DF DH N1l 14.1 N19 53.1 4.1 0.692%*** 2.80
DF DH N13 131.4 N17 22.7 7.7 0.65%* -0.682*** 2.72
DF TC N3 21.0 N7 18.2 6.2 0.392%** 7.20
DF TC N3 41.5 N20 30.0 3.9 0.3171*** 4.53
DF TC N4 96.1 N19 375 4.5 -0.303*** 4.30
DF TC N6 10.0 N16 121.9 6.1 -0.332%** 5.16
DF TC N6 12.6 N13 10.0 3.6 -0.238** 2.65
DF TC N6 39.9 N14 6.0 3.1 0.293*** 4.02
DF TC N8 51.0 N19 375 3.1 -0.236** 2.61
DF TC N9 44.4 N15 20 3.2 -0.280*** 3.67
DF TC N1l 2.0 N17 16.0 3.0 -0.253*** 3.00
DF TC N1l 43.2 N16 78.0 4.0 0.232%** 2.52
DF TC N12 0.0 N16  83.3 5.3 -0.322*** 4.86
DF TC N13 29.3 N19 551 4.3 -0.295%** 4.08
DF TC N13 47.0 N16 119.9 3.5 0.279*** 3.65
DF TC N15 111.9 N16 69.9 3.5 0.228** 2.43
DF MPH N1 43.7 N14  27.6 3.0 -0.329*** 3.62
DF MPH N1 74.8 N15 127.9 3.9 0.318*** 3.39
DF MPH N1 79.3 N4 18.0 5.7 -0.375*** 4.71
DF MPH N2 113.5 N5 72.1 3.0 -0.273** 2.50
DF MPH N4 48.1 N13 135 7.3 0.444%** 6.60
DF MPH N5 97.9 N17 40 6.2 0.436*** 6.37
DF MPH N6 20.7 N13 00 44 -0.366*** 4.49
DF MPH N6 36.7 N16 30.4 3.2 0.270** 2.44
DF MPH N9 0.0 N10 20 47 0.358*** 4.29
DF MPH N10 25.4 N13 1414 7.4 -0.58*** 0.341*** 3.89
DF MPH N14 120.1 N17 124.1 2.2 0.267** 2.39

®PH, BF, EF, DF: plant height [cm] , beginning af\ilering [days after sowing], end of flowering [dafter

sowing], duration of flowering [days between BF &g, respectively

®DH, TC, MPH: doubled haploid population, testcrbgbrid population, and midparent heterosis dataset,
respectively

°Positions are measured from the beginning of tiieatie group in cM

A, A;: main effects at loci i and j; AAepistatic interaction effect between loci i and j

* Significant atP = 0.05; ** Significant aP = 0.005; *** significant at° = 0.001;
*Vp: Explained phenotypic variance [%)]
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3.7 Analysis of Seed Quality Traits
3.7.1 Analysis of Variance and Heritability

After harvest the seed quality traits oil, proteand glucosinolate content as well as erucic
acid and sinapine content were analysed in theldduiaploid, the testcross populations, and
with the midparent heterosis data. Significant gieneariation was observed for all quality
traits studied in the three data sets (Table 28).

Table 28 Genetic variance, effective error mean and hefitglof the doubled haploid lines
test cross hybrids and midparent heterosis data

Population/Dataset 5; b2 h?
Trait®

DH lines
Oil 2.31** 0.99 0.90
Pro 0.76** 0.70 0.81
GSL 192.51** 14.73 0.98
C22:1 81.42** 10.37 0.97
Sin 0.23** 0.34 0.73

TC hybrids
Oil 0.34** 0.58 0.70
Pro 0.14** 0.40 0.58
GSL 27.13* 8.27 0.93
C22:1 14.57** 5.30 0.92
Sin 0.04** 0.22 0.41

MPH data
Oil 1.32%* 1.30 0.80
Pro 0.61** 0.95 0.72
GSL 105.34** 21.43 0.96
C22:1 40.10** 14.02 0.92
Sin 0.14** 0.55 0.51

3Qil, Pro, GSL, C22:1, Sin: oil, protein, glucosiatas, erucic acid, and sinapine, respectively

~2 " . A2 . . ") . -
04 genetic varianceg effective error mean varianc&” heritability

**Significant atP = 0.01
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With 0.98 and 0.97 the highest heritabilities weegected for the glucosinolate and erucic
acid content, respectively, in the doubled haplditese oligogenic traits are determined by a
low number of genes, each of which explains a l@@#on of the genotypic variation and is
not strongly influenced by environment, which expgathe high heritabilities. The observed
trend for lower heritabilities in the testcross hgilpopulation in comparison with the doubled
haploid population, that have been observed forytblel related and the phenological traits,
was still recognisable in the quality traits butt ras pronounced, especially considering
glucosinolate and erucic acid content, where théaiglity dropped only slightly from 0.98
to 0.93 and from 0.97 to 0.92, respectively.

3.7.2 Correlations between Quality Traits

The correlations between the quality traits aresgméed in Table 29. For most trait
combinations only the magnitude of the correlatamefficients changed in the different
datasets but not the direction of the correlatamit had already been seen for the previously

studied traits.

Table 29 Correlations between oil, protein, glucosinolarjcic acid, and sinapine content
estimated for the doubled haploid lines, the tes¢shybrids and the midparent heterosis data

DatasefTrait 0] Pro GLS c22:1
DH-line population

Pro -0.514**

GLS -0.326** 0.339**

Cc22:1 0.588** -0.012 0.025

Sin -0.185** -0.129* -0.025 -0.436**
TC-hybrid population

Pro -0.584**

GLS -0.102 0.205**

c22:1 0.589** -0.030 0.105

Sin -0.287** 0.072 -0.098 -0.335**
MPH data

Pro -0.718**

GLS -0.341** 0.358**

C22:1 0.355** 0.008 0.074

Sin -0.025 0.020 -0.022 -0.090

*, **Sjgnificant at P = 0.05,P = 0.01, respectively. See Table 28 for abbrewviatio
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For the quality traits an exception from the nwias observed for the correlations between
protein and erucic acid content and between pra@ethsinapine content but in both cases the
correlation coefficients which changed their sigimscomparison with the doubled haploid
population were not significant. The high positieerrelation between oil and erucic acid
content and the negative correlations observeddstvil and protein and erucic acid and
sinapine content is an indication that common dentgtctors are responsible for the

correlated traits, which was shown later at QTlelev

3.7.3 Analysis of Heterosis for Quality Traits

Erucic acid and glucosinolate content, which agregating in the plant material used in
the current study, are oligogenic determined amdrat expected to show much heterosis,
which is a phenomenon predominantly observed inptexnpolygenic traits. This general
expectation was, to great extent, in agreement thiglresults of the heterosis analysis for the
guality traits shown in Tables 30 and 31. Deviaidmom the expectation were detected for
oil and protein content. Very low in magnitude Istatistically significant levels of averge
testcross midparent heterosis were observed foramil protein content but in opposite
direction (Table 31). Protein content also dispthysatistically significant £ midparent
heterosis (Table 30). The lack of significant midrd heterosis for most of the quality traits

Is an indication for additivity.

Table 30F; and parental performance, midparent value artteEerosis

Trait? Heterosis (%)
Express? R534 MPV F MPH HPH

Oil 43.63 40.92 42.27 42.70 1%0 -2.1%*

Pro 19.59 22.90 21.24 20.65 -2.8%* -0.8**

GLS 14.47 36.12 25.29 22.75 -16.1 -37.0**

C22:1 7.83 25.05 16.44 16.46 .1 -34.3**

Sin 7.71 7.68 7.69 7.71 02 0.0%

%il, Pro, GLS, C22:1, Sin: oil [%], protein [%], wiosinolates [pumol/g], erucic acid [%] and sinapine
respectively
®MPH and HPH: midparent heterosis and high pareterbsis. **Significant aP = 0.01, " — nonsignificant
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Table 31Performance of ‘Express’, the doubled haploid gafien and the corresponding
test cros$iybrids as well as the average test cross midparehhigh parent heterosis

Mean of
Heterosis (%)
Trait® Express?  DH-Linesd MPV TC MPH HPH
Oil 43.63 41.29 42.46 42.78 0.8** 22,1+
Pro 19.59 22.24 20.92 20.71 -1.0%* -6.8*
GLS 14.47 31.64 23.05 22.51 23 -21.2%*
C22:1 7.83 22.43 15.13 15.83 87 -20.0%*
Sin 7.71 7.10 7.40 7.42 (04} -4, 2%

%il, Pro, GLS, C22:1, Sin: oil [%], protein [%], wiosinolates [pumol/g], erucic acid [%] and sinapine
respectively
®MPH and HPH: midparent heterosis and high pareterbsis. **Significant aP = 0.01," — nonsignificant

3.7.4 Transgressive Segregation Observed in Qualifyraits

The distribution of phenotypic means for seed quadtaits of the doubled haploid lines
and their corresponding testcross hybrids are ptedein Fig. 11. The phenotypic
distributions of oil, protein and sinapine for batbubled haploid lines and testcross hybrids
approached normal distribution, indicating thatsthéraits are determined by high number of
genes, which are under environmental influence. disigibutions of glucosinolate and erucic
acid content, which are typical oligogenic traitkeviated considerably from the normal
distribution (Fig 13). For most of the studied tsano significant heterosis was observed
(Table 30 and 31), explaining why the t¥ybrid value fell inbetween the two parents in the
vicinity of the midparent value (Fig. 11). Pronoeddransgressive segregation was observed
for all traits under study. Eighteen doubled hapldines exceeded the oil content of
‘Express’, which was the better parent for thigtir@ixty two doubled haploid lines showed
higher protein level than R53, but not a single bad lower protein content than ‘Express’.
No significant difference for sinapine content wasserved between the parents ‘Express’
and ‘R53’, but the 34 doubled haploid lines witigher sinpine levels, indicate that different
alleles determined the trait in the conventiondticar and the resynthesized line. A large
number of lines 105 out of 250 exceeded ‘R53’ —gaeent with higher glucosinolate content,
while 19 lines exhibited lower values , than ‘Exgse Unexpectedly an apparent
transgressive segregation was observed for erwgt @ntent, as well where 146 lines

outperformed the resynthesized parent ‘R53’
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3.7.5 Quantitative Trait Loci Analyses for Seed Quiity Traits
3.7.5.1 Analyses of Main Effect QTL

The results of main effect QTL mapping for seed ligpdraits using the three datasets
(chapter 2.2.11.3) are presented in Table 32 agdlRi

Oil content Eight QTL significant atP = 0.005 were detected in the doubled haploid
population. Together they explained 29.6% of thenaypic and 32.8% of the genotypic
variance. The increasing allele of the major QTtedied on linkage group N8, which alone
explained 15.2% of the phenotypic variance, wadrdmried by the resynthesized parent and
represents the QTL correspondent to one of theaelbstudied erucic acid genes. The allele
for higher oil content of the QTL on N11 was contiied by ‘R53" as well. ‘Express’
contributed the beneficial alleles for the remagn@QTL. Three QTL were localised with the
midparent heterosis data, which explained 16.0%®fphenotypic and 20.0% of the genetic
variance. All of them showed positive dominancee, indicating that the allele increasing
the trait was dominant. Two of them on linkage gradb and N19 showed full dominance
with dominance ratios of 0.94 and 1.00, respectivEhe QTL on N14 was detected only
with the midparent heterosis data, which is ancatilbn for overdominance. The dominance
effects at two loci were calculated from the effeestimated with the other datasets (chapter
2.2.11.5 and Appendix 3). Of these, the QTL on M®&wed nearly additivity with a
dominance ratio of only 0.08, while the other QTthibited low partial dominance with a
dominance ratio of 0.38. The QTL mapping with tesdés hybrid data resulted in the
detection of three QTL, explaining 37.8% of the mbtypic and 54.0% of the genotypic
variance. The positive effects of two of them idex that the loci homozygous for ‘Express’
alleles contributed for higher oil content than tleterozygous state of these loci. In case of
the third QTL, on N8, the testcross hybrids, wheelnried an allele for erucic acid from the
resynthesized parent, showed higher oil contemt fBapress’.

Protein contentSeven QTL were mapped with the doubled haplojufaiion, explaining
31.2% of the phenotypic and 38.5% of the genotypitance. Six of them were with negative
additive effect showing that the resynthesized mamdntributed the alleles determining
higher protein content. Only the QTL on N5 showaexsifive effect. A single QTL was
detected with midparent heterosis data, which éxgeth4.3% of the phenotypic and 5.9% of
the genotypic variation. It exhibited negative aa@ninance. After a calculation of the
dominance effect of the QTL on N5 (Appendix 3, deaj2.2.11.5), a dominance ratio of 0.3

was assessed, indicating partial dominance. Three Were identified with the testcross
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hybrid data, explaining 16.1%, and 27.8% of the noltgpic and genotypic variance
respectively.

Glucosinolate contentFive QTL were detected in the doubled haploidysaton, which
explained 26.0% of the phenotypic and 26.5% of geeotypic variance. The negative
additive effect of three QTL showed that the rekgsized parent contributed the alleles for
high glucosinolate content at these loci. For tentwo QTL ‘Express’ alleles increased the
glucosinolate content. The QTL on linkage group Ni#&s a major QTL alone explaining
23.5% and 24.0% of the phenotypic and genotypidatian, respectively. Besides the
additive effect, this QTL displayed a negative doamice effect, as well, meaning that at this
locus the allele decreasing glucosinolate conteast dominant. The dominance ratio reached
0.3, indicating partial dominance. Two additionahar QTL with positive dominance effects
were identified on linkage groups N11 and N16. Boththem exhibited overdominance.
Together the QTL with dominance effect explained%d of the phenotypic and 32.3% of the
genotypic variance. The QTL mapping for glucosit®lzontent with the testcross hybrid data
resulted in the detection of three QTL, which expd 24.3% of the phenotypic and 26.1%
of the genotypic variation. Again, with 22.7% thajor QTL on N19 explained the largest
portion of the variation. All of the detected QTleke with negative effect indicating that the
heterozygous state at these loci contributed tcherigglucosinolate content than the
homozygous state for ‘Express’ alleles.

Erucic acid contentA single major QTL, which alone explained 62.7%a &4.6% of the
phenotypic and genotypic variation, respectivelygswidentified in the doubled haploid
population. The negative sign of the additive dffadicated that the high erucic acid allele is
contributed by the resynthesized parent. QTL atsdi@e position were identified with the
testcross hybrid and midparent heterosis dataaexXpj 52.9% and 18.3% of the phenotypic
variance, respectively. The identified negativetiphdominance (d/a = 0.3), showed that for
this locus the allele decreasing the trait was damti. An additional minor QTL, controlling
erucic acid content was detected on linkage groi. Nt explained 3.6% of the phenotypic
variation. The positive additive effect indicatddht, surprisingly, the increasing allele was
contributed by ‘Express’, a variety of canola gtyalirhis could be a result of earlier maturity
of ‘Express’ providing better conditions for a dyesis of long fatty acids. On linkage group
N14 a QTL was localised with the midparent heterakata, which explained 8.3% of the
phenotypic variance. Its positive dominance effeas of a similar magnitude as the negative
dominance effect detected on linkage group N8. dpygosite directions of the two observed

dominance effects may be the reason for the lackidparent heterosis on a population level.
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Table 32 QTL and their main effects detected in the doulblegloid line population (DH-Lines), the midparémterosis values (MPH) and the
testcross hybrid population (TC-Hybrids)

DH-Lines MPH TC-Hybrids d/a®
Trait® LG Interval Pos LOD Effect® Vp® Pos LOD Effect® Vp Pos LOD Effectt Vp
Oil N5 E32M51 326R-E35M62 260R 6.2 83 038 28 142 68 036 7.3 0.9
il N8 BRAS039 - CB10003 344 277 -088 152 (+0.07) 384 333 -08T 321 01
Qil N9 CB10533a- MR230 120 11.7 027 1.0
Qil N1l E32M49 285R - E32M47 170R 38.3 56 -0.27 1.4
il N12 CB10600-E35M62 117E 250 54 032 20 (+0.12) 296 70 020 27 04
Qil N13 CB10329c - CB10329b 648 80 025 3.0
Qil N13 CB10329b - CB10427 76.0 100 045 38
Qil N14 E33M62_432R - E41M48 41E 400 32 026 39
Qil N19 CB10575b - CB10295 103.8 294 030 18
oil N19 OI10D08 - Ol10C10 375 59 0.29 1.6 335 44 029 48 1.0
Pro N1 CB10206 - E32M49 51R 79.3 40 -0.14 2.0
Pro N1 CB10597 - E32M51_340R 1142 32 -020 4.6
Pro N5 E32M51_326R - E35M62_260R 16.2 56 -0200 4.3
Pro N5 E32M47_41R-E35M62 249E 994 96 0300 91 (+0.09) 994 44 02T 54 03
Pro N7 MR153b - MD20a 70 65 -024 509
Pro N7 MD20a- MR166 242 65 -0.23 6.1

For abbreviations see page 89
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Table 32Continued from page 87
DH-Lines MPH TC-Hybrids

Trait® LG Interval Pos LOD Effect® Vp° Pos LOD Effect® Vp Pos LOD Effect® Vp d/a’

81 56 -0200 38
Pro N10 CB10552 - CB10575a 689 40 -017 28
Pro N10 CB10575a - CB10265 828 5.1 -0.16 2.6
Pro N15 OI10B02 - CB10611 466 152 -027 5.0
GLS N1  MD60b - CB10097 00 50 176 05
GLS N5 MD21-MR113 741 48 -140 0.6
GLS N7 CB10439-MR153b 20 66 -226 08
GLS N7 MD20a- MR166 182 53 -1.79 1.0
GLS Ni11 MD60a - OI10E12 95 52 163 04 141 120 257 96 1.6
GLS N13 CB10427 - E32M47_113E 795 63 227 08
GLS N16 CB10213-E32M47_152R 659 6.7 185 4.9
GLS N19 0I10D08 - 0l10C10 295 80.2 -12.03 235 295 157 -3.37 165 275 513 -825 227 03
C22:1 N8 BRAS039 - CB10003 344 646 -697 627 324 200 -220 183 344 530 -540 529 03
C22:1 N14 E33M62_432R - E41M48_41E 440 86 148 83
C22:1 N19 CB10575b - CB10295 1078 7.2 165 3.6

For abbreviations see page 89
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Results

Table 32Continued from page 88

DH-Lines MPH TC-Hybrids d/a®
Trait® LG Interval Pog LOD Effect® Vp° Pos LOD Effect® Vp Pos LOD Effectt Vp
Sin N1 Ra2G09 - CB10577 577 6.2 013 24
Sin N3 MR12-E32M47_292R 653 43 -010 1.4
Sin N5 MD21-MR113 721 80 -013 24 741 39 011 27 0.8
Sin N8 BRASO039 - CB10003 36.4 203 026 10.0 (0.10) 322 96 018 7.0 04
Sin N9 CB10092a - MR153d 247 129 -02T 6.4 (+0.10) 207 25 -011 34 05
Sin N10 Nal2H04 - CB10186 40 6.8 -014 3.0
Sin N10 MR156 - CB10109b 234 31 -017 38
Sin N16 CB10211b - CB10632 44 3.0 -008 1.0
Sin N17 BRAS014 - MD50 58.1 4.8 0171 1.9
Sin N18 CB10130 - CB10042 419 38 -017 22
Sin N18 E32M47_137E - CB10449 614 84 014 28

2Qil, Pro, GLS, C22:1, Sin: oil [%)], protein [%],wdosinolate [pmol/g], erucic acid [%], and sinapim&/g], respectively
PPositions are measured from the beginning of thetie group in cM
% Significant atP = 0.05; ** Significant aP = 0.005; *** Significant atP = 0.001;
The values in brackets are calculated from thectffat this locus detected with the other datasets
%p: Explained phenotypic variance [%]
“d/a: Dominance ratio
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Fig. 12 Framework map oB. napuswith QTL for Oil (Qil), Protein (Pro), Glucosindka (GLS), Erucic acid (C22:1), and Sinapine (S, TC

and MPH are QTL detected in the doubled haploidufaijon, the testcross population, and the midganeterosis data, respectively. Marker

positions are calculated from the recombinatiogquencies according to Haldanes mapping function.!+and *-* signs at the end of the marker

names see Fig 4.
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Sinapine contentA total number of 10 QTL, which explained 33.5%tlee phenotypic
and 45.9% of the genotypic variance were mappéiddardoubled haploid population. For six
of the QTL the alleles increasing the sinapine eontere contributed by ‘R53'. For the
other four QTL ‘Express’ contributed the increasadtgples. The QTL on linkage group N8,
had a major effect, explaining already 10% of thertypic variance. It coincided with the
major QTL for erucic acid (Fig. 12), but showedagposite sign of the additive effect, which
is a hint for a pleiotropic effect of the gene Imstlocus. A single QTL, explaining 2.7% of
the phenotypic variation was identified with midgatr heterosis data. The dominance effect
of two additional QTL was calculated according tpp&ndix 3 and chapter 2.2.11.5. In all
cases partial dominance was observed with a dorménaatio of 0.8, 0.4, and 0.5 for the QTL
on linkage groups N5, N8, and N9, respectively.eEhQTL were identified with the testcross
hybrid data, together explaining 14.2% of the plgpic and 34.6% of the genotypic

variance.

3.7.5.2 Analyses of Epistatic Interactions

The results of QTL analyses for epistasis are sumsetiin Table 33.

Oil content In total 14 loci involved in 8 digenic epistaiitteractions, explaining 10.5%
of the phenotypic variation, were identified in thleubled haploid population. One of these
loci, on linkage group N19, had already exhibiteaimeffect significant a® = 0.005 (Tables
32, 33). Only one of the eight epistatic interatsiovas between a main effect QTL and a
modifying locus, while the remaining interactiongluded background loci. Twenty loci
involved in 12 pair-wise combinations were deteatedhe testcross population, explaining
29.4% of the phenotypic variance. Two of them, inkdge groups N12 and N13 had already
been shown to display significant main effects (€al82, 33). The mapping with midparent
heterosis data led to the detection of 6 loci iagdlin 3 digenic interactions, which explained
14.2% of the phenotypic variance. One pair of Included a locus with a main effect, while
the other interactions were between background loci

Protein content Seven digenic interactions between 14 loci, d@rplg 23.3% of the
phenotypic variation, were identified in the doubleaploid population. One of these loci, on
linkage group N10, showed a significant main eff€tables 32, 33). With the testcross
hybrid data six loci forming 3 pair-wise combinaiso could be mapped. Together they
explained 15.7% of the phenotypic variation. Onlyeoof the loci involved in epistatic
interactions displayed a significant main effectindieen loci included in 10 digenic

combinations were identified with midparent hetesakta. Just a single locus showed a main
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effect as well. In total the epistasis explained3® of the phenotypic variation, which was
considerably higher than the 4.3% explained bynthe effect QTL.

Glucosinolate contentEpistatic QTL mapping for glucosinolate contentthe doubled
haploid population resulted in the detection ofidd, involved in 8 pair-wise combinations.
Only 3.3% of the phenotypic variation was explaitgdepistasis. No main effect QTL was
involved in interaction. Sixteen loci involved inddgenic epistatic interactions, explaining
6.7% of the phenotypic variance were identified hwihe testcross hybrid data. The
interactions included only background loci. Witle tinidparent heterosis data were localised
15 loci in 8 pair-wise combinations. Two loci, ankage group N11 and N16, had already
demonstrated significant main effects (Tables &), B total the epistasis explained 26.2%
of the phenotypic variance, which was similar te 8i.0% explained by the main effect
QTL.

Erucic acid contentThirteen loci involved in 7 digenic epistaticendctions were detected
in doubled haploid population. Both of the loci alg significant main effects were
included in epistatic interactions. In all cases;ept the interaction between the loci on N3
and N8, the epistatic effects were positive indngatthat parental allele combination
contributed for higher erucic acid content. Desplie considerably high number of loci
involved in epistatic interactions, the phenotyypaciance explained by them was only 11.6%,
while 66.3% of the phenotypic variation was dueségregation of mainly one main effect
QTL. In the testcross population 21 loci involved1i3 digenic interactions were identified.
The single main effect QTL mapped here (Tables332,was involved in 4 pairs of epistatic
interactions. In total the epistasis was respoadim 27.5% of the phenotypic variation, while
52.9% had been explained by the main effect ofdfie on N8. Thirteen digenic interactions
between 23 loci were mapped with midparent heterdata. None of the loci with main
effects was involved in these interactions. Joinllgy explained 39.3% of the phenotypic
variance, which was slightly higher than the 26.68the phenotypic variance explained by
the two main effect QTL (Table 32).

Sinapine contenfifteen loci involved in nine digenic interactgrwhich explained 10.2%
of the phenotypic variation, were identified withetdoubled haploid population. Three of
these loci exhibited significant main effect (TaB2, 33). Two of them interacted between
each other, while the third one was involved inoabination with a modifying locus. The
rest of the epistatic interactions were betweerkdpaeind loci. Nine loci involved in five
pair-wise combinations, explaining 23.7% of the npdtgpic variation, were mapped in the

testcross population. Only one of them, on linkageup N8, exhibited a main effect
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(Tables 32, 33). The mapping with the midparenétostis data resulted in the localization of
17 loci, forming 9 digenic combinations. Only baakgnd loci without significant main
effects were involved in these combinations. Thenglypic variance explained by epistasis
reached 41.6%, which was considerably higher than2t7% explained by the single main
effect QTL identified with the midparent heterodata.

Table 33 Epistatic interactions detected in the doubled didp|DH), and the testcross (TC)
populations and with the midparent heterosis va{lvé3H)

Trait® SeP LG Po§ LG Pos LOD A A AA; VP i) ©
Ol DH N2 995 N10 210 7.1 -0.359%* 2,54
Ol DH N3 758 N6 410 42 0.268**  1.42
Ol DH N6 554 N8 204 4.0 -0.249**  1.22
Ol DH N7 302 N8 424 6.8 -0.238* 1.12
Ol DH N11 00 N19 375 59 0.29%%*  -0.183* 0.66
Ol  DH N11 93 N17 354 4.4 0.258** 131
Ol DH N14 00 N18 0.0 40 -0.267**  1.41
Ol  DH N18 20 N19 531 22 0.199** 0.78
Ol  TC N2 140 N17 833 29 -0.102**  2.04
Ol TC N2 1525 N6 186 2.6 -0.095** 1.77
Ol TC N2 1525 N9 464 4.0 0.119** 278
Ol TC N4 741 N9 404 28 0.113** 2.51
Ol TC N9 0.0 N17 66.1 29 0.101** 2.00
Ol TC N9 17.0 N12 296 7.0 0.20%* 0.093** 1.70
Ol TC N9 96.6 N14 440 36 0.118** 273
Ol TC N11 69.6 N17 40 59 0.156** 478
Ol TC N13 56.8 N19 79.7 7.6 0.20** 0.103** 208
Ol TC N13 64.8 N15 1169 7.9 0.24* 0.107** 225
Ol TC N15 46.6 N18 258 3.9 0.109**  2.33
Ol TC N15 4256 N21 40 3.2 -0.110* 2.38
Ol  MPH N1 704 N2 530 35 -0.149**  4.92
Ol  MPH N2 1233 N5 142 6.8 0.36***  -0.155*** 533
Oil MPH N3 00 N9 130 38 -0.133**  3.92

For abbreviations see page 97
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Table 33Continued from page 93

Trait® SeP LG Po§ LG Pos LOD A A AA; VP i) ©
Pro DH N1 35.7 N16 63.9 4.1 -0.196*** 3.82
Pro DH N2 1685 N12 122 3.3 -0.21 1% 4.43
Pro DH N4 24.9 N17 112.1 5.8 0.217*** 4.69
Pro DH N6 49.2 N10 68.9 4.0 -0.17%** -0.130** 1.68
Pro DH N7 30.2 N8 51.0 3.6 0.187*** 3.48
Pro DH N12 23.0 N19 122 3.5 -0.160** 2.55
Pro DH N13 29.0 N13 1215 3.4 -0.163** 2.64
Pro TC N7 7.0 N19 107.8 3.7 0.096*** 4.39
Pro TC N7 242 N9 107.4 6.5 -0.22%** 0.099** 4.67
Pro TC N17 53.7 N19 60.1 3.5 -0.118*** 6.64
Pro MPH N2 51.4 N21 0.0 2.2 -0.078** 2.55
Pro MPH N2 113.5 N5 16.2 5.6 -0.20%** 0.112*** 5.26
Pro MPH N6 45.0 N10 00 3.0 0.091*** 3.47
Pro MPH N9 0.0 N11 38.3 3.2 -0.083** 2.89
Pro MPH N9 47.1 N13 19.0 5.1 0.105*** 4.62
Pro MPH N14 62.7 N14 1344 5.1 -0.139*** 8.10
Pro MPH N14 102.1 N19 101.1 3.5 0.084*** 2.96
Pro MPH N15 47.6 N18 7.2 2.7 -0.072** 2.17
Pro MPH N15 1239 N19 87.1 3.4 0.080*** 2.68
Pro MPH N18 152 N18 47.9 2.7 0.111* 5.17
GLS DH N1 37.7 N20 30.0 3.7 -1. 757 0.50
GLS DH N2 123.3 N5 74.1 3.7 -1.633*** 0.43
GLS DH N3 102.1 N11 432 2.9 1.405%** 0.32
GLS DH N4 249 N15 594 5.3 1.953*** 0.62
GLS DH N5 76.3 N13 141.4 3.5 -1.607*** 0.42
GLS DH N6 94.8 N10 15.0 2.9 -1.419** 0.33
GLS DH N9 12.1 N17 49.7 2.8 -1.437*** 0.33
GLS DH Ni15 32.6 N19 40.0 4.6 1.351%** 0.30

For abbreviations see page 97
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Table 33Continued from page 94

Trait® SeP LG Po§ LG Pos LOD A A AA; VP i) ©
GLS TC N1 624 N17 221 43 0.873**  0.92
GLS TC N2 1565N20 6.0 37 -0.863***  0.90
GLS TC N3 555N16 639 3.2 -0.635* 0.49
GLS TC N4 191 N15 594 48 0.813**  0.80
GLS TC N6 106 N8 100 3.6 -0.935***  1.05
GLS TC N6 532 N9 267 49 0.696** 0.58
GLS TC N8 322 N13 1115 43 0.957**  1.10
GLS TC N10 17.0 N10 649 3.8 -0.832%** (.83
GLS MPH N1 1142 N14 1021 4.8 -0.770%*  3.43
GLS MPH N3 00 N13 0.0 35 -0.603** 2.10
GLS MPH N4 40 N9 387 33 -0.706** 2.89
GLS MPH N5 979 N18 87.6 3.3 -0.641**  2.38
GLS MPH N7 7.0 N16 659 6.7 1.84%%* 0.954%+ 527
GLS MPH N1l 14.1 N19 101.8 12.0 2.58** 0.858**  4.26
GLS MPH N15 47.6 N16 964 45 0.735** 313
GLS MPH N18 91.6 N20 300 29 0.685%*  2.72
C22:1 DH N1 6.0 NI11 115 29 1.145** 1,72
C22:1 DH N2 723N7 302 28 1.063**  1.48
C22:1 DH N2 1565N15 113.9 4.3 1.368***  2.45
C22:1 DH N3 335N8 344 64.6 -6.92¢%  .0.871* 0.99
C22:1 DH N11 95 N17 354 39 1.140%*  1.70
C22:1 DH N13 0.0 N19 1078 7.2 1.65%** 1.045** 1.43
C22:1 DH N16 31.9 N20 300 5.3 1.165***  1.78
C22:1 TC N2 4.0 N6 00 3.0 -0.493* 1.66
C22:1 TC N4 881N11 141 89 -0.816*** 455
C22:1 TC N5 382N11 223 51 -0.578%*  2.28
C22:1 TC N6  49.0N14 440 4.0 0.463%+ 147
C22:1 TC N6 948N10 748 43 0.611** 255
Cc22:1 TC N7 6.0 N13 129.4 3.7 0.472%* 152
C22:1 TC N8 20.0N13 1294 3.8 0.466**  1.48
C22:1 TC N8 344 N16 117.9 53.0 -5.40%* 0.725%* 359

For abbreviations see page 97
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Table 33Continued from page 95

Trait® SeP LG Po§ LG Pos LOD A A AA; VP i) ©
C22:1 TC N8 34.4N12 316 585 -5.56%* -0.480** 1.57
C22:1 TC N8 40.4 N19 87.1 6.4 -0.473** 1.53
C22:1 TC N9 49.1 N14 106.1 3.7 -0.558*** 2.13
C22:1 TC N13 129.4 N19 52.0 3.9 0.481*** 1.58
C22:1 TC N15 46.6 N16 49.9 3.3 0.488** 1.63
C22:1 MPH N1 74.8 N9 00 34 0.411*** 2.55
C22:1 MPH N1 95.9 N17 16.1 6.7 0.548*** 4.53
C22:1 MPH N2 166.5 N13 74.0 2.2 -0.357** 1.92
C22:1 MPH N4 84.1 N11 61.6 3.2 -0.435*** 2.85
C22:1 MPH N5 14.2 N18 0.0 3.9 0.479*** 3.46
C22:1 MPH N5 74.3 N14 116.1 4.0 -0.457*** 3.15
C22:1 MPH N5 78.3 N13 72.0 3.0 0.320** 1.54
C22:1 MPH N6 2.0 N17 105.3 4.7 0.463*** 3.23
C22:1 MPH N6 20.7 N18 66.0 6.8 -0.615*** 5.70
C22:1 MPH N6 53.2 N18 91.6 2.7 0.367** 2.03
C22:1 MPH N13 49.0 N21 8.0 2.4 -0.352** 1.87
C22:1 MPH N13 133.4 N18 091.6 3.7 0.423*** 2.70
C22:1 MPH N15 46.6 N20 20.0 4.1 0.501*** 3.79
Sin DH N2 73.5 N9 19.0 129 -0.18*** -0.072** 0.76
Sin DH N2 735 N16 77.9 4.1 0.101*** 1.49
Sin DH N3 2.0 N17 1241 2.5 -0.077** 0.86
Sin DH N4 86.1 N18 13.2 2.8 0.085** 1.05
Sin DH N5 2.2 N13 74.0 4.8 -0.079** 0.91
Sin DH N9 8.0 N14 58.7 3.8 0.092*** 1.23
Sin DH N13 33.3 N17 6.0 32 -0.086** 1.08
Sin DH N15 21.7 N15 120.9 4.4 0.114*** 1.89
Sin DH N16 184 N18 61.4 8.4 -0.08**  (0.14*** -0.081** 0.96

For abbreviations see page 97
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Table 33Continued from page 96

Trait® SeP LG Po§ LG Pos LOD A A AA; VP i) ©
Sin  TC N4 230N16 820 45 -0.075**  6.28
Sin TC N7 170N8 322 96 0.16%** 0.060** 4.02
Sin  TC N7 302 N17 1033 3.6 -0.071** 5,63
Sin TC N13 00 N17 741 35 -0.056** 3.50
Sin TC N15 127.9 N18 258 4.2 0.062%*  4.29
Sin  MPH N2 494 N6 814 28 -0.055** 2.92
Sin  MPH N2 1625 N6 928 51 0.089**  7.65
Sin  MPH N3 653 N7 302 43 0.070**  4.74
Sin  MPH N3 91.8 N19 87.1 26 0.062** 3.71
Sin  MPH N4 0.0 N10 808 3.6 0.069**  4.60
Sin  MPH N5 422 N17 1101 2.8 -0.060***  3.48
Sin  MPH N9 1054 N21 80 45 -0.072** 5,01
Sin  MPH N13 1195 N17 701 7.1 -0.083**  6.66
Sin  MPH N18 87.6 N19 551 25 0.054** 2.82

20il, Pro, GLS, C22:1, Sin: oil [%], protein [%],giosinolate [tmol/g], erucic acid [%], and sinapjimg/g],
respectively

®DH, TC, MPH: doubled haploid population, testcrbgbrid population, and midparent heterosis dataset,
respectively

‘Positions are measured from the beginning of til@lie group in cM

A, A;: main effects at loci i and j; AAepistatic interaction effect between loci i and j

* Significant atP = 0.05; ** Significant aP = 0.005; *** significant atP = 0.001;

*Vp: Explained phenotypic variance [%)]

3.8 Clustering of QTL in the Rapeseed Genome

In total 14 traits analysed in the field and theem house trials were studied in the doubled
haploid and the testcross populations and with rthdparent heterosis data. The QTL
mapping in the doubled haploid population resultethe detection of 92 QTL, while in the
testcross population and the midparent heterosta #@eere mapped 35 and 38 QTL,
respectively. The detected QTL were not randomdyrifiuted across the genome (Table 34,
Fig 10, 12, 14). On some of the linkage group® N2 and N4 no QTL were localised. Just a
single QTL was mapped on linkage group N14, whil@pparent clustering of QTL affecting
morphological, phenological and seed quality traitss observed at the upper part of N11,
lower part of N12 and the middle region of N19 (R8g 10, 12). A cluster of QTL with an
influence on oil-, erucic acid-, and sinapine cahtevas mapped on linkage group N8
(Fig. 12). The three QTL for seeds per silique (&alB), mapped in the doubled haploid
population, coincided with QTL for thousand kermadight (Fig. 8). In all cases the additive
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effects were with opposite signs, partly explainihg negative correlation observed between
these two yield components. Four out of five QTL dairation of flowering, mapped in the
doubled haploid poplation, were congruent with QfoL end of flowering. In all cases the
additive effects were with the same sign, which imesgreement with the positive correlation
between duration and end of flowering. The larg@$L for plant height identified in the
doubled haploid population clustered together V@ffiL influencing beginning and end of

flowering (Fig 12).

Table 34 Number of QTL per linkage group, identified in theubled haploid (DH), and the
testcross (TC) populations, and with the midpaheérosis data (MPH) for all studied traits

QTL number

LG*? Size [cM] DH MPH TC Total
N1 100.5 6 0 3 9
N2 141.6 0 0 0 0
N3 98.7 4 2 2 8
N4 77.9 0 0 0 0
NS 138.7 9 3 4 16
N6 85.2 0 1 0 1
N7 27.9 4 0 4

N8 50.8 4 2 3 9
N9 92.8 6 1 3 10
N10 103.0 6 1 1 8
N11 64.1 9 5 4 18
N12 33.3 6 3 3 12
N13 121.7 7 2 1 10
N14 117.4 0 2 0

N15 114.3 4 0 0 4
N16 104.9 7 2 3 12
N17 111.5 3 1 1 5
N18 82.4 2 0 0

N19 98.5 13 7 4 24
LG5 24.7 0 0

LG10 8.5 0 0

%LG: name of the linkage group
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4. Discussion

4.1 The Linkage Map

On the basis of linkage analysis in 96 doubled diddines, in case of the primary map,
363 marker loci were assembled in 24 linkge groaups three additional markers remained
unlinked. Based on an alignment with previouslyaBkshed maps (Lowe et al. 2004;
Piquemal et al. 2005; Sharpe and Lydiate, unpubdistiata, Uzunova et al. 1995, extended
version of the map) four linkage groups N2a, N2b4&l and N14b could be unambiguously
grouped in two pairs, representing linkage grougsaNd N14. Even after the grouping the
number of linkage groups (22) was greater thannin@ber of chromosomes B. napus
(n = 19) with three groups that could not be altyte@ any of the N groups. This observation
is most probably a consequence of incomplete cgeedd the entire genome. Reducing the
LOD threshold from 4.0 to 3.0 and even to 2.5 dud kead to the connection of the three
small groups, to any of the N linkage groups, repnéing the 19 rapeseed chromosomes.
This may indicate that the unassigned linkage gga@up rather due to lack of markers at these
regions than a result of disconnecting real linkagsociations by an application of a high
LOD threshold.

In a study on a consensus linkage map constructiombard and Delourme (2001)
estimated a probable range of the rapeseed genemgghlfrom 2,127 cM to 2,480 cM.
Considering the mean estimated from these valuesmap, with a length of 1,916.1 cM,
covers 83.2% of the rapeseed genome. More markergdsbe used to obtain better genome
coverage. Applying a consensus mapping approagfekhsPiquemal et al. (2005) developed
a linkage map oB. napus which covered 2,619 cM, which was beyond the eagsfimated
by Lombard and Delourme. Apart from the consensapsnof Lombard and Delourme
(2001), and Piguemal et al. (2005) the longest iphbt linkage map of rapeseed was
developed by Cheung et al. (1997), covering 1,9%M7for 19 major linkage groups and
2,124.9 cM by including ten unassigned fragmentses$ than four markers. On the other
hand three maps published by Parkin et al. (1988) $harpe et al. (1995), which ranged
from 1,606 cM to 1,741 cM are considered as rattmnplete (Lombard and Delourme
2001). A critical point here is that the reportedmsizes are not easily comparable, since they
are dependent on the degree of genome coverageaikemoci, on the size and the type of
the mapping population, on the mapping function liagdp and on the recombination
frequencies, which are influenced by the genetrerdity of the parents and/or environmental

effects on meiosis (Ferreira et al. 1994).
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A high and significant correlation of r = 0.82 £ 10% between the length and the number
of markers of the linkage groups is an indicatibattthe markers are relatively evenly
distributed across the linkage groups. Similar ltesare reported by Lombard and Delourme
(2001) and Foisset et al. (1996). Despite the agmpdinear relationship between the marker
number and the linkage group size, non-uniform madistributions were observed eighter
due to clusters or gaps of markers. Uneven mar&esity has been observed in a number of
studies (Foisset et al. 1996; Parkin and Lydia@71®@zunova et al. 1995). The differences in
the size of the linkage groups and the clusterihghe markers may be partly due to
differences in the physical chromosome length &ede€combination frequencies in different
parts of the genome. Rbébbelen (1960) reported ldiffierences betweeB. oleraceaandB.
napuschromosomes in a cytogenetic study. In a high iensap of tomato Tanksley et al.
(1992) observed highly increased marker densitas nentromeres and part of the telomeres,
indicating recombination suppression in these mgiorhe different marker number on
linkage groups could be partly attributed to diéieces in the distribution of repetitive DNA,
since predominantly microsatellite markers weredusethe mapping. This provides also an
explanation why some linkage groups consisted mastlIAFLP markers and shows that

better genome coverage could be obtained using ioatidns of different marker systems.

4.2 Duplicated Regions and Dominant Markers

Brassica napusis an amphidiploid species with 19 chromosome spaytological
evidence indicates that it has been formed by atapeous hybridization d&. rapa(n = 10)
andB. oleracea(n = 9) (Prakash and Hinata 1980), or close radatioB. montana@rom the
B. oleraceacomplex (Song and Osborn 1992). In a mapping f@jom developed from a
cross between a resynthesizBd napusand a “natural” rapeseed, Parkin et al. (1995)
observed that the majority of loci exhibit disomioheritance of parental alleles,
demonstrating thaB. rapa chromosomes were pairing with A-genome homologueB.
napus and B. olerceachromosomes were pairing in the same way with Ghgenome
homologues. By this experiment the 10 A and 9 Cogenlinkage groups iB. napuswere
identified and it was demonstrated that the nuctgarome of rapeseed and its progenitors
have remained essentially unaltered since the afp@tievent. The presence of the B. (
rapa) and the CB. oleraced genomes within amphidiploiBrassica napugrovides a ready
explanation for the presence of duplicated lodh@Brassica napugenome. The high level
of homoeology between the A and C genomes refleabedcomplex RFLP patterns,

identifying in most cases an even number of lo@r(€ra et al. 1994; Parkin et al. 1995;
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Sharpe et al. 1995; Uzunova et al. 1995). Dupbeeti within the diploid genomes were
reported, as well (Chyi et al. 1992; Lagercrantd bydiate 1996; Slocum et al. 1990; Song et
al. 1991). In our study the duplicated loci mappgdSR primer pairs, amplifying more than
one polymorphic locus, should be considered asldiest limit of duplications in the
rapeseed genome since most of the primer pairs isgopolymorphisms amplified a
polymorphic locus, which was accompanied by a mayrpimc peak.

The large number (122 of 243) of dominant micrdisemarkers can be partially
attributed to the high level of duplications, asllwAs explained by Uzunova et al. (1995)
directly after the speciation event leading to dif@oid ancestors of an amphidiploid species
or following duplication within the diploid genomeke duplicated loci would have had
identical alleles. If an allele from only one ofetlluplicated loci mutate then a dominant
marker will appear. The second allele at this lowils be masked by the monomorphic
product from the duplicated locus. A mutation dregatwo new alleles at one locus leads to a
codominant marker. A mutated and an original alkleach of the duplicated loci cause a
segregation ratio of 3:1 for the common allele,letihe other two alleles could be scored as
dominant markers. Such a pattern was detectedadumes in our analysis. Similar results
could be observed in case of nonreciprocal homgeol® translocations (Sharpe et al. 1995)
in the K hybrid from which the doubled haploid populatioasadeveloped. This specific kind
of mutation leads to untypical banding patterna DH-population. In the lines, which carry a
nonreciprocal homoeologous translocation for soow both of the parental alleles are
observed, while in their homoeologous loci no allsl detected. Markers with such banding
patterns were excluded from the analyses in ouwystun order to prevent the formation of
pseudolinkage-groups (Sharpe et al. 1995).

4.3 Disturbed Segregations in the Rapeseed Genome

One hundred and fourteen (31.4%) of the mappedterashowed a significant deviation
from the expected 1:1 segregation ratio. Such udistli segregations are typical for
microspore culture developed doubled haploid pdjmria of a wide spectrum of crop plants
as reviewed by Foisset and Delourme (1996). A comamnion is that this phenomenon is a
result of specific parental alleles favourable ifowitro androgenesis or the subsequent plant
regeneration. This hypothesis is supported by theevation that no or very low levels of
disturbed segregation are detected in corresporgimmppulations (Lombard and Delourme
2001; Piguemal et al. 2005; Uzunova et al. 199%).tli¢ other hand Ferreira et al. (1994)

compared a doubled haploid map to a partial magtoacted with a common set of markers
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for an K, population derived from the same [flant. Deviation from Mendelian segregation
ratios was observed for 30% of the markers in thédted haploid population, while in the F
population 24% of the markers showed disturbedegggion, which was lower, than in the
DH-population, but still higher than statisticalijxpected. Moreover different loci showed
deviation from the expected ratios in the two papahs. The authors concluded that not only
the response to microspore culture but also othetofs - environmental and/or random
effects - influence the selection of specific ggpes. This could provide an explanation why
in some populations, that were developed from parevith very different responses to
androgenesis, equal number of loci with non-Meraaetiegregation in favour of the alleles of
one or the other parent is observed (Foisset e1%6). An intensive selection at tissue
culture level or at later developmental stagessediby a specific response to microsposre
culture or other environmental and /or random e$fea favour of only one of the parents can
lead to a strong bias in QTL mapping, since thi¢ diatribution will be not normal if a locus
determining the trait is linked to a factor causagelection process. Such an effect was not
observed in our study as the distribution of allygenic determined traits did not deviate
from the normal distribution. In total 10 blocks mfarkers with disturbed segregation were
identified on 10 different linkage groups, whichpies a minimum number of 10 factors
segregating in the mapping population that migtvehan influence on in vitro androgenesis
and/or plant regeneration, and further developm&he favourable alleles of 5 of these
factores were inherited from ‘Express’, while thé¢her 5 were contributed by the
resynthesized parent. This shows that different &e involved in the determination of
androgenic capacity of the two parents or of othetors causing disturbed segregation.

4.4 Genetic Basis of Heterosis

The plant material used in this study and the $jgecrossing scheme were chosen to
optimize the ability to detect QTL contributing heterosis, to estimate their effects and
assess the degree of dominance and to identifyh@hétey are involved in digenic epistatic
interactions. The QTL mapping in the doubled hapland testcross populations allowed the
identification of additive and nonaditive gene ant. Important was the choice of a tester.
The tester ‘MSL-Express’ is a male sterile versodrihe cultivar ‘Express’ used as a parent
for the original cross from which the doubled hagloopulation was developed, meaning that
the testcross population is genetically equivatersa BG population. The use of one of the
parents as a tester for hybrid production provideel opportunity for a straightforward

determination of the genetic effects. If an indejmm tester, that may introduce alleles
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unrelated to the parental alleles, is used themgénetic additive effects are confounded and it
is impossible to distinguish the additive and damnice effects in the testcrosses. Mei et al.
(2003) faced such a problem in studying the mobadodsis of heterosis in a RIL and two TC
populations of rice with independent testers andckmed that some uncertainty remains
with respect to the reliability of the dissectioh gene effects mainly as a result of the
unknown homology and dominant/recessive relatignbbiween alleles from the RIL and the
tester. The genotypes of backcross hybrids, owtier hand, can be unambiguously deduced
from the marker information of the parental doubegbloid or recombinant inbred lines, i.e.
homozygous for alleles from the recurrent parentheterozygous. Therefore the genetic
effects in a backcross population can be more gegcidefined in contrast to those in a
testcross with an independent tester (Mei et ab520The disadvantages of the use of a
backcross population are that only 50% of the bssheterosis is realized and that the
genetic variance is reduced. In our study the QTainneffects detected in the doubled
haploid population represented additive effects (¢ midparent heterosis data gave an
estimation of the dominance effects (d), while éffects identified with testcross hybrid data
contained both additive and dominance effects+-(8 or (a — d), depending on whether the
donor or the recurrent parent carried the domidlete. Similarly the epistatic interactions
identified in the doubled haploid population repmed additive x additive epistasis, while
these detected with midparent heterosis and testdrgbrid data were complex mixtures of
all possible epistatic interactions including anit x additive, additive x dominance,
dominance x additive, and dominance x dominancgt&gis (Kearsey and Pooni 1996).

In the current study an apparent difference wasmies between the levels of heterosis of
the seed quality traits and the remaining traitalym®ed. For that reason | summarised
separately the results of quantitative trait locialgsis of heterotic and qualitative,

nonheterotic traits.

4.4.1 Main Effect QTL Mapping

In main effect QTL mapping of heterotic traits imding early fresh biomass, grain vyield,
thousand kernel weight, seeds per silique, siliquezsunit area, plant height, beginning, end
and duration of flowering (Table 35) 60 QTL wereentified in the doubled haploid
population, showing additive effects. Twenty sewanthem were congruent with QTL
identified with the other datasets, allowing theemsment of the degree of dominance. Of the
27 QTL with dominance effects, identified in thedmarent heterosis data, 11 showed partial

dominance, 2 displayed full dominance, and 14 etddboverdominance. In heterosis studies
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of maize Frascaroli et al. (2007) observed that dL traits with low heterosis were
prevailingly in the additive x dominance range, MhQTL for highly heterotic traits had
effects in the dominance x overdominance rangeil&iymin our study early fresh biomass
and grain yield, which were the traits with thehegt level of heterosis were among the traits
with the largest number of loci showing overdomier(Table 36). Surprisingly end of
flowering and thousand kernel weight, which showead levels of heterosis, included only
overdominant loci and three overdominant out of urfdoci with dominance effect,
respectively. For seed quality traits, which showedy low or no heterosis on population
level, loci with dominance effects were neverthelédentified (Table 35) but they were
considerably lower in number in comparison to tlkstrof the studied traits and fitted

prevailingly in the additive x dominance range wathly 3 loci exhibiting overdominance.

Table 35Summary of quantitative trait loci analysis ofdretic and quality traits

Main effect QTL Epistatic QTL
Nr. of QTL" Nr. of coincidenig Nr. of QTL with Nr. of epistatic
QTLS dominance effects interaction

Trait? DH MPH TC DH/ DH/ MPH/ Partial- Full- Over- DH MPH TC
MPH TC TC

Heterotic traits

9 60 27 22 17 11 5 11 2 14 60 73 56
Quality traits
5 32 11 13 6 7 2 7 1 3 39 39 45

®,;Number of traits analysed

Heterotic traits early fresh biomass, grain yield, thousand kemsight, seeds per silique, siliques per square
decimeter, plant height, beginning of floweringdeni flowering, and duration of flowering

Quality traist oil, protein, glucosinolate, erucic acid, andagiime content

®Number of main effect QTL detected in the doubleglbid population (DH), the midparent heterosisadat
(MPH) and in the testcross hybrid population (TC).

“Coinciding QTL: Number of QTL, identified in morkan one dataset

YNumber of digenic epistatic interactions

Our results show that all levels of dominancehia tange from partial to overdominance
play a role in the expression of heterosis in tqeeseed population studied. Considering all
heterotic traits together no specific genetic dffa@as predominant as overdominance
accounted for 51% of the loci showing dominancejemMine remaining 49% exhibited partial
to full dominance. If the difference in the phermptyvariance explained is considered then
with 71.2% the fourteen QTL showing overdominangel@ned a much larger portion of the
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phenotypic variance than the 29.6% explained bythirteeen QTL exhibiting partial to full
dominance.

A doubled haploid population and its correspondiegtcrosses were used for QTL
analysis in the current study. The DH populatiors waveloped from microspores of a single
F1 hybrid after only one cycle of meiosis, meaningtth high level of linkage disequilibrium
is retained. As a result the observed overdominancgngle loci in our study can not be
distinguished from the pseudo-overdominance geegriibm a close linkage of genes with
partial or full dominance in repulsion phase (Crb®62). Fine mapping at these loci can help
to break a possible linkage and to determine whetieoverdominance observed was due to
pseudo-overdominance or not.

In a pioneering study of heterosis at the molecldael in maize Stuber et al. (1992)
mapped QTL associated with 7 major traits and ssiggethat overdominance and/or pseudo-
overdominance play a significant role in heteroSise largest QTL for yield detected on
chromosome 5 in that experiment was further digseblyy Graham et al. (1997), who by fine
mapping revealed that the seemingly overdominatibora®f the original QTL is actually
psedo-overdominance. To reduce incidences of pseuel@lominance Lu et al. (2003) used a
maize population derived from & Ipopulation by three generations of random matng t
assess the degree of dominance of 4 heterotis.tRéspite using a random mated population
24 of 28 QTL for grain yield nevertheless showe@rdeminance. On the other hand, the
majority of QTL for the other traits showed onlyrfp@d dominance. Similar results were
reported in a more recent study in maize by Fradicar al. (2007) who observed patrtial to
full dominance for seedling emergence, days togpohedding, anthesis silking interval and
kernel weight, whose heterosis levels ranged frémtd 34%. For highly heterotic traits as
seedling weight, plant height, grain yield, and emof kernels per plant, whose heterosis
levels ranged from 52% to 239%, prevailingly oveniltance was observed.

Rapeseed is a partially allogamous crop with awrably lower levels of heterosis than
maize. The highest levels of heterosis which weateaed for early fresh biomass and grain
yield were 33% and 30%, respectively, compared dterosis of over 100% frequently
observed in maize. Nevertheless in rapeseed 3fautominant loci for early fresh biomass
and 2 out of 4 dominant loci for grain yield showeserdominance. High levels of
overdominance for reproductive and morphologicatdrwere reported in rice (Li et al. 2001;
Luo et al. 2001; Mei et al. 2003; Mei et al. 20@®H)d tomato, as well (Semel et al. 2006).
These results show that although it is highly passithat there exist different genetic
mechanisms, which explain heterosis for specifadrin different organisms, the proposal of
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Semel et al. (2006) that the association of overdam QTL for traits determining higher
reproductive fithess was selected for in evolutma was domesticated by man to improve
yields of crop plants, could be true.

The number of QTL detected with the testcross #ed midparent heterosis data was
considerably smaller and explained lower percerstagethe phenotypic variation than the
number of QTL detected in the doubled haploid papoh. The main reason for the reduced
power of detection could be attributed to the filett in a doubled haploid population the
difference between the QTL genotypes tested fonifsignce represents two times the
additive effect, while with the midparent heterosiata this difference, representing the
dominance effect, is only one time the additiveeetfiin case of full dominance or smaller in
case of partial dominance. If an overdominancebiseoved the difference will exceed the
additive effect but a dominance ratio of 2 is neeeg to reach the effect tested in a doubled
haploid population. In our study the highest domoearatios observed were 2.9 and 3.3, both
of them detected for early fresh biomass. For mbshe other traits the dominance ratio in
case of overdominance was lower than 2. ThesetseBuicate that a certain bias in the
number of QTL with dominance effects exists in dil@n of QTL showing overdominance,
since the small effects of QTL exhibiting parti@mndinance are these, which remain under the
power of detection. An impediment in detecting Qmlthe testcross hybrid population is the
so called “masking effect of the tester” (Gallamla&Rives 1993). Most probably a number of
loci with positive additive effects, where no capending QTL were detected with the
midparent heterosis or the testcross hybrid dathibg full or partial dominance with a
magnitude lower than the power of detection in@¥. mapping. The failure to detect such
QTL with testcross hybrid data results from thet that in case of a dominant allele, carried
by the recurrent parent, the effect representéfereince between the additive and dominance
effects at this locus and the two effects cancehesther in case of full dominance or the
resulting effect is too low to be detected in cabpartial dominance. The opposite situation
explains why in some cases QTL were observed itetsteross population data and not in the
other two datasets. In case of an increasing darhedéele coming from the donor parent the
genetic effect for this locus in the testcross paton represents the sum of the additive and
dominance effects, which are too low to be detestgghrately in the other datasets.

The reduction in the power of detection due teirigssmaller differences with midparent
heterosis and testcross hybrid data is compendatesbme extend by the lower total

genotypic variance in these datasets compared d@¢ov#riance in the doubled haploid
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population, as the power of detection for a QTLed&}s on the ratio between the variance
explained by the QTL to the total variance of tfat{Lander and Botstein 1989).

4.4.2 Epistatic QTL Mapping

A large number of epistatic interactions were dietg with the three different datasets for
both heterotic and seed quality traits (Table 3&@aning that epistatic interactions play an
important role not only in explaining phenotypiaiasion in the performance of the doubled
haploid lines but also that epistasis contributegshe expression of heterosis in rapeseed,
explaining as large and even larger portions ofpthenotypic variation than the main effect
QTL (Table 36). The epistatic interactions ideetfiwith the midparent heterosis data are
these, which exclusively contribute to the exp@ssif heterosis. For early fresh biomass and
grain yield the phenotypic variance explained by mmain effects in the midparent heterosis
data was 14.8% and 18.1%, while with 39.3% and%6q bable 36) the phenotypic variance
explained by the digenic epistatic interactions veé®ut twice as large. The difference
between the phenotypic variance explained by thia mifect QTL and epistatic interactions
in the midparent heterosis data was even more proreal for seeds per silique and plant
height where 4.3% and 7.8%, respectively, were ampt by the main effects, while the
epistatic interactions accounted for 51.8% and%%%the phenotypic variance, respectively.

In general the magnitude of the epistatic effes lower than that of the main effects, but
the epistatic QTL mapping identified much largermioner of loci contributing to trait
expression, than the single-QTL model. For exanip& main effect QTL mapping with
midparent heterosis data for the traits showing highest levels of heterosis early fresh
biomass and grain yield resulted in the detectibr3 @and 4 QTL, respectively, while 11
digenic epistatic interactions were identified farly fresh biomass and 9 for grain yield
(Table 36). According to Li et al. (2001) the eptst interactions could be classified in three
groups depending on the main effects of the loenlved. Epistatic interaction between two
loci with significant main effects represents typbetween a significant main effect QTL and
a locus without main effect is type I, and betwaen background loci with no significant
main effects is described as type Ill. Our resadisfirmed those of Li et al. (2001), Luo et al.
(2001) and Yu et al. (1997) in rice, showing thaistasis does not necessarily occur between
main effect QTL. We observed just a single epistatteraction of type |, 43 out of 312
(13.8%) were of type Il and the remaining 268 (86)9vere of type Ill. A larger part 61% of
the type Il interactions were detected in the dedbhaploid population, which could be

explained with the larger number of main effect Qdéntified in this dataset. The remaining
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39% were approximately equally distributed betweedparent heterosis and testcross hybrid
data with 17% and 22%, respectively.

Table 36 Summarized information for the number and congtyeaf main effect and
epistatic QTL identified with the doubled haploidH), and testcross (TC) populations, and
the midparent heterosis data (MPH)

Dominanc®  Epistasis

Trait Sef mQTL® Overlad p f o | Il Il epQTL Vp(m)® Vp(e) Vp(t)
EFB  DH 5 2 2 10 12 31.80 34.10 65.90
EFB MPH 3 2 1 3 11 11 14.80 39.30 54.10
EFB  TC 3 2 2 8 10 14.60 3810 52.70
GY DH 6 3 4 2 6 3270 847 4117
GY MPH 4 3 2 2 9 9 18.10 36.60 54.70
GY TC 1 0 1 6 7 230 33.40 35.70
TKW  DH 8 4 3 5 8 27.80 20.90 48.70
TKW MPH 3 3 1 3 2 2 26,50 11.90 38.40
TKW  TC 4 4 1 5 6 28.70 28.40 57.10
sisii DH 3 3 17 8 2550 19.30 44.80
SIS MPH 2 2 2 14 14 430 51.80 56.10
sisi - TC 2 1 2 2 1830 12.00 30.30
Sil/dm®> DH 7 0 1 8 9 3270 3350 66.20
Sildm> MPH 0 0 2 2 0.00 1050 10.50
Silldm?> TC 1 0 1 1 6.30 8.00 14.30
PH DH 7 1 1 1 27.70  3.30 31.00
PH MPH 2 1 11 1 4 5 7.80 39.30 47.10
PH TC 2 0 1 2 3 1650 17.90 34.40
BF DH 9 7 1 3 4 50.40 1250 62.90
BF MPH 4 4 4 1 1 17 8 15.00 27.70 42.70
BF TC 6 5 2 2 4 2270 2020 42.90
EF DH 9 2 1 5 6 3450 19.20 53.70
EF MPH 3 2 3 11 11 17.60 40.30 57.90
EF TC 3 0 9 9 21.00 49.40 70.40
DF DH 6 2 3 4 7 22.00 16.40 38.40
DF MPH 2 2 1 1 1 10 11 1050 44.70 55.20
DF TC 0 0 14 14 0.00 5470 54.70
oil DH 11 5 17 8 29.60 10.50 40.10
oil MPH 3 2 11 1 2 3 16.00 1420 30.20
oil TC 3 2 3 9 12 37.80 29.40 67.20
Pro  DH 9 1 1 6 7 3120 23.30 54.50
Po  MPH 1 0 1 1 9 10 430 39.90 44.20
Po  TC 3 1 1 2 3 16.10 1570 31.80

For abbreviations see page 109
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Table 36Continued from page 108

Dominanc®  Epistasis

Trait Sef mQTL® Overlag p f o I 1l 1l epQTL Vp(m)® Vp(e) Vp(t)
GLS DH 5 2 8 8 26.00 3.30 29.30
GLS MPH 3 2 1 2 2 6 8 31.00 26.20 57.20
GLS TC 3 1 8 8 24.30 6.70 31.00
C22:1 DH 2 1 2 5 7 66.30 11.60 77.90
C22:1 MPH 2 1 1 1 13 13 26.60 39.32 65.92
Cc22:1 TC 1 1 2 11 13 52.90 27.48 80.38
Sin DH 10 3 1 1 7 9 33.50 10.20 43.70
Sin MPH 1 1 3 1 4 5 2.70 41.60 44.30
Sin TC 3 2 9 9 14.20 23.70 37.90

*EFB: early fresh biomass, GY: grain yield, TKW: tisand kernel weight, S/Sil: seeds per siliqued8il/
siliques per square decimeter, PH: plant height,li&fginning of flowering, EF: end of flowering, D&uration
of flowering, Oil: oil content, Pro: protein conteiLS: glucosinolate content, C22:1: erucic acdtent, and
Sin: sinapine content

®DH, MPH, and TC — doubled haploid line, midpareetenosis, and testcross hybrid data, respectively
‘mQTL and epQTL — number of main effect and epist@ L, respectively

4 Overlap — Number of coinciding QTL detected in mtitan one dataset

*Dominance — number of dominance effects displaypagtial- (p), full- (f), and overdominance (0). The
discrepancy between the sum of QTL with differeotéhance effects and the QTL detected in MPH istdue
dominance effects calculated indirectly from thieentdatasets at loci not significant in MPH

"Epistasis I, Il, Il — number of first, second, athitd type epistatic interactions, respectively

9Phenotypic variance explained by the main effeqy(fiw)], epistatic effects [Vp(e)], and the sum oérth

[Vp(®)]

Variation in the number of main effect QTL involvén epistasis was observed not only
between the different datasets used for QTL mapbutdetween different traits as well. The
largest number of type Il epistatic interactionsswidentified in the doubled haploid
population for grain yield, thousand kernel weight duration of flowering, 4 out of 6, 3 out
of 8, and 3 out of 7 interactions, respectivelytHa current study oil content was not among
the traits with the highest number of loci with rgfgcant main effect involved in epistasis.
These results were in discrepancy with the resdorted by Zhao et al. (2005), who
identified 11 digenic interactions for oil contanta doubled haploid population developed
from a cross between an European and a Chinese&/aculiSeven of these epistatic
interactions were of type I, and 4 of type Il. Ngpe Il interactions were detected.
Considering the large number of type Il interacticobserved in the rapeseed population
under study, our results more closely resembledbiservations of Li et al. (2001) and Luo et
al. (2001) in rice, who detected prevailingly tyfleepistatic interactions as well. Some of the
loci involved in epistasis interacted with more rthane locus, for example a locus for
thousand kernel weight located in the doubled hdpopulation on N6, or loci for seeds per

siligue mapped on N2 and N4 with the midparentrosie data etc. The participation of loci
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in multiple digenic epistatic interactions could &eeflection of the existence of higher order
epistatic interactions, meaning that the number epfstatic interactions may still be
underestimated in the present study, as we resdriour analysis to digenic interactions.
Currently the contribution of higher order intefans can not be estimated since there is no
available software handling such a complex issueredver a population of 250 doubled
haploid lines is not big enough to resolve higheleo epistatic interactions as pointed out by
Mei et al. (2005) and Zhao et al. (2005).

4.4.3 Evidences for Epistasis on Population Level

Evidences for the influence of epistasis on thpression of heterosis were identified at
population level as well. If we consider regularioses and no gametic selection each of the
doubled haploid lines should include 50% of the tparental genomes meaning that the
testcross hybrids had about twice less heterozyd¢misthan the parental,Fhybrid. This
provides an explanation of the twice lower avergggtcross midparent heterosis than the F
midparent heterosis observed in a number of tegs early fresh biomass, grain vyield,
beginning of flowering, end of flowering, and duoat of flowering. The heterotic values of
some traits, like plant height, seeds per silique] siliques per square decimetre, apparently
deviated from the expected reduction. In case aftpheight the Fmidparent heterosis was
only reduced from 16% to 14% in the average tesgcroidparent heterosis, while for seeds
per siligue even an increase was observed fronPd10212.7%. In contrast the heterosis of
siliques per square decimetre was reduced not twitd0 times. For all traits deviating from
the expected 50% reduction of heterosis a sigmfichfference P = 0.05) was observed
between the MPV of ‘Express’ and ‘R53’ and the mehthe doubled haploid lines, which is
a hint for the presence of epistatic interactiofsr plant height and siliques per square
decimetre the lower MPV in comparison to doubleglbia population mean could be a
result of negative epistatic gene complexes oaogirim the parental genotypes, which are
broken due to recombinations in the doubled haplioies. In contrast the reduced doubled
haploid line mean of seeds per siligue comparatddVPV of ‘Express’ and ‘R53’ could be
due to a loss of positive epistatic interactionsuoing in the two parents. In a study of rice
Mei et al. (2005) concluded that the observed hidieterosis in the backcross hybrids
compared to the parental s due to the elimination of heterozygous locihwitegative
dominance effect and additive x dominant epistasis.
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4.4.4 Comparison of Epistasis in Rapeseed with Mazand Rice

The effect of epistasis on heterosis was extelysstedied in maize and rice leading to
contradictory results. In the studies of Lu et(2003), Mihaljevic et al. (2005), and Stuber et
al. (1992), no significant epistasis was detecteanaize by testing all possible pair-wise
combinations of markers linked to the mapped QTking the same approach no epistasis
was detected by Xiao et al. (1995) in rice as wefl.the other hand Yu et al. (1997) applying
two-way analyses of variance using all possible-pége combinations of marker genotypes
to test epistasis and Luo et al. (2001) and Lile{2001) using mixed linear model with
background variation control to map simultaneousbin and epistatic effects, reported that
epistasis is a common feature of most loci assediaith inbreeding depression and heterosis
in rice. The latter authors pointed out the abserian appropriate mapping methodology in
the previous studies as a possible explanatiothiBbobserved discrepancy with the results in
maize and those reported for rice by Xiao et @96). In a study of maize Frascaroli et al.
(2007) applied the same QTL model for epistasidyara as that used by Luo et al. (2001)
and Li et al. (2001). They detected only a very lmwnber of epistatic interactions, indicating
that the difference in the importance of epistésibeterosis between the allogamous maize
and autogamous rice cannot be attributed onlyeddltfierent statistical approaches used. The
results of our study in rapeseed, together with dkiailable data in rice and the recent
evidences for epistasis in Arabidopsis (Kusterexd.e2007) support the hypothesis of Li et al.
(2001) that epistasis for complex traits appeansetanore pronounced in self-polinated than
in cross-polinated crop species as in the formadapted gene complexes with favourable

epistasis between loosely linked or even unlinked ¢an be more easily maintained.

4.4.5 Relationship between Heterozygosity and HyhtiPerformance

The degree of the correlation between genome Imtgosity and phenotypic traits reflects
the importance of overall genome heterozygositiyrda expression. In the population under
study no significant correlation was observed betwihe overall genome heterozygosity and
the testcrosper seperformance and the midparent heterosis for angheftraits analysed.
There exists an evident difference between maizk raoe considering such correlations
according to the literature, with significant cdateon coefficients between whole genome
heterozygosity and trait expression observed inzendiybrids and only insignificant
correlations detected in rice. In maize Frascadl. (2007) and Stuber et al. (1992) reported
high correlations between heterozygosity levels ahdnotypic performance of testcross

hybrids for the traits showing high levels of hetas and high degrees of dominance, like
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grain yield, while for the less complex traits slgvlower levels of heterosis the observed
correlations were reduced. Stuber attributed threselts to the large number of genes
responsible for the trait expression of grain yighdi emphasized that traits controlled by only
one or few loci are expected to show very low datien coefficients between phenotypic
performance and the level of genome-wide heteraaygoln contrast to the correlation
between heterozygosity and hybrid performance okseby Stuber et al (1992), Melchinger
(1999) showed thtat high correlations between geigtance between parents and heterosis
of the respective hybrids is observed in crossesngnmore or less related lines. There is a
weak correlation in crosses among nonrelated lwi#kin the same gene pool and no
correlation if for all crosses the parents belamglitferent genepools. In studies on rice Xiao
et al. (1995) and Yu et al. (1997) ascribed thek la¢ correlation between marker
heterozygosity and trait expression to the deteptesitive and negative dominance for most
of the traits, leading to a cancelling of the pesitand negative dominance effects of the QTL
controlling the trait. Similar to Frascaroli et #007) our QTL mapping results revealed
mostly dominance effects having the same sign fopagicular trait, nevertheless no
significant correlation between the overall genoneterozygosity and the trait expression
was observed. It was inferred that high levels etelosis are a result of heterozygosity at
certain loci and not from genome-wide hetrozygodityprinciple the correlation of a trait to
overall heterozygosity suggests that no specificegeor alleles are responsible for hybrid
vigour. Our QTL analysis demonstrated that there apecific loci, often showing
overdominance, which are responsible for the esmasof heterosis, meaning that the
heterozygous status at these particular loci ishmaore important for the increased hybrid
vigour, than the overall genome heterozygosity. Hiog to the same problem from another
angle we could argue that the contribution of lespscific heterozygosity or homozygosity

to heterosis could be the genetic basis of speaificbining ability (Mei et al. 2005).

4.4.6 Hot Spots for QTL in the Rapeseed Genome

In the present study three genomic regions wegatified, each not larger than 20 cM,
which harboured overlapping QTL for a large numbgtraits. The upper part of linkage
group N11 in the interval from 0 to 12.1 cM inclad&5 QTL for thousand kernel weight,
seeds per silique, early fresh biomass, beginninfijpwering, duration of flowering, plant
height and glucosinolate (Fig. 8, 10, and 12), idfied in the doubled haploid and testcross
populations and midparent heterosis data. The QTth the highest effects for seeds per

silique, early fresh biomass and beginning of flomg were among the QTL located in this
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region. In a genomic segment with a length of 2 an linkage group N12 12 QTL were
identified in the 3 different datasets for the tsahousand kernel weight, grain yield, early
fresh biomass, siligues per square decimetre, glaight, end of flowering, duration of
flowering, and oil content. Among these QTL the QWith the highest effects for grain yield,
siliques per square decimetre, and the QTL fortgdt@ght with the highest dominace effect
were detected. Linkage group N19 carried 7 QTL tfmvusand kernel weight, seeds per
silique, siliqgues per square decimetre, and beggqoi flowering identified with one of the
three datasets in the interval from 52.0 cM to 7éM. Of the total number of 34 QTL
identified in the three genomic regions 9 QTL (26)5were detected in the midparent
heterosis dataset, meaning that they are involudtia expression of heterosis. Most of the
overlaps between the identified QTL in these 3ipaldr regions were due to linkage between
different genes involved in the expression of ddfé traits, but we can not exclude the
possibility of pleiotropic effects of some genesdiffierent traits simultaneously. It could be
hypothesized that such genes regulate fundameetalbolic processess and affect the overall
plant vigour, thus indirectly influencing a wide egrum of agronomic traits. Similar
important overlaps between QTL associated with tplagour like QTL for seedling weight,
plant height, number of kernels per plant and tgtaln yield were reported by Frascaroli et
al. (2007), while Stuber et al. (1992) identifiemhgruent QTL for ear leaf area, plant height,
and grain yield. A possibility for spurious clustey of QTL could be the influence of a
specific trait on a large number of other traitsr Example a gene for extreme susceptibility
to a pathogene would influence nearly all otheitdrd o prevent such false QTL clustring, in
the current study, the genotypes, which had besngly infected by pathogenes were
considered as missing data.

QTL, which significantly influence trait expressiah several important agronomic traits
by their additive effects in homozygous genotyped &hich strongly contribute to heterosis
by their dominance effects are of great interesfuaher analyses. A possible strategy here
would be fine mapping of selected QTL in an advdnicackcross population using marker
assisted selection. Subsequently, the synteny betvapeseed amfabidopsiscould be used

for an identification of possible candidate germsliie fine mapped QTL.

4.4.7 Possible Application in Practical Breeding

Heterosis is extansively used in practical bregdor a wide spectrum of crop plants
through the production of hybrid varieties. Thestfinybrid rapeseed variety in Germany was

registered in 1995 followed by a fast developmeinhybrid breeding. Nowadays, hybrid
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varieties represent 30% and 60% of the total ragmegeoduction in Europe and Germany,
respectively. Nevertheless heterosis is still acklbox’ with very few knowledge about its
molecular basis and causal factors.

It was observed that the ten best yielding tesgrbaybrids of the current study
outperformed the line variety ‘Express’ and two tbém equalled the grain yield of the
comercial hybrid ‘Elektra’, demonstrating that thieeeding for hybrid varieties has a greater
potential than line breeding and that the use eynthesized rapeseed as a parent for the
production of highly heterotic crosses could béntdrest.

The quantitative genetic analysis results inditateat the genetic basis of heterosis in
rapeseed is very complex, which is reflected byléinge number of loci involved, their wide
genomic distribution, and complex epistatic relasioips. The exploitation of heterosis for
crop improvement using marker assisted transfedesirable QTL alleles identified in our
study is expected to be impeded by the relatively tain QTL with large dominance effects
and the high number of epistatic interactions imedl in the determination of heterosis.
Nevertheless the 3 main-effect QTL for yield shayvdominance effects, and especially the
QTL for grain yield on linkage group N12, whichtise QTL with the largest additive and
dominance effect identified in our study, coulddiénterest for plant breeding.

A possible strategy for using the current restdtsan improvement of the utilisation of
heterosis in hybrid breeding is to introgress tretedted QTL alleles in lines of the
complementary heterotic pools. If we consider fearaple grain yield, then all QTL alleles
with additive effects increasing the trait could fpgamided in the lines of the genepool of
‘Express’ in order to increase thger seperformance in the homozygous state, while the
QTL alleles coming from the exotic resynthesizedepg which showed overdominance in
the heterozygous hybrid could be introduced indpgosite heterotic pool, thus the identified
QTL alleles contributing strongly to heterosis abble purposefully distributed between the

two genepools in order to maximally increase therosis in the Fhybrid.
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5 Summary

Heterosis, or hybrid vigour, refers to the phenoamethat progeny of diverse inbred lines
exhibit greater biomass, speed of development artiitiy than the better of the two parents
or the midparent value between them. While the tmalcapplication of heterosis in plant
breeding is quite successful in many crops thrainghdevelopment of hybrid varieties, the
basic understanding of the phenomenon is not vévgraced. In the current study a doubled
haploid population of 250 lines and their corresfing testcross hybrids were grown and
analysed in greenhouse and field experiments atécations in order to generate phenotypic
data for studying heterosis in rapeseed on the @V&l. The main objectives included:

1. Identification of the levels of heterosis for agoomc important traits

2. ldentification, localization and determination bkteffects of QTL for heterotic traits

(grain yield and yield components, early plant béss) plant height), phenological
traits (beginning of flowering, end of floweringa@duration of flowering) and quality
traits (oil, protein, glucosinolate, erucic acidlainapine content).

3. Assessment of the contributions of different gemetiffects, e.g. dominance,

overdominance and epistasis to the expressiontefdsss in rapeseed

4. Study of the correlation between molecular marketetozygosity and hybrid

performance

5. ldentification of “hot spots” for QTL involved ingterosis

To elucidate the genetic basis of heterosis iesapd QTL analysis was performed with
three separate datasets, each of which providedmation for different genetic effects. As a
prerequisite for the QTL mapping a new geneticdiok map was constructed based on 250
doubled haploid lines developed from microsporearof; hybrid of a highly heterotic cross
between the winter cultivar ‘Express’ and a resgsibed line, ‘R53".The datasets used for
QTL mapping included data from the doubled haplooghulation itself, a testcross hybrid
population developed from crosses of the doubleuoi lines with the male sterile tester
‘MSL-Express’, and the midparent heterosis betw#en doubled haploid lines and their
corresponding testcrosses. Using the three diffedatasets, the additive and dominance
effects of the loci controlling the studied trais, well as epistatic interactions contributing to
trait variation could be estimated.

The phenotypic data used for QTL mapping was ddrifrom a field trial carried out in
one year at four locations following alpha lettamsign of the type 26 x 10. The 250 doubled
haploid lines and their corresponding testcrosgitdlgbwere grown in different beds on the
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field and each doubled haploid line was followedtbycorresponding testcross hybrid, which
allowed the two genotypes to be grown in as sindlamditions as possible, excluding the
competition between the lines and the more vigotoimsids.

Out of 14 traits studied, the highest levels ofehesis were observed for early fresh
biomass and total grain yield, indicating that mamnplex traits show higher heterotis.
Considering 9 heterotic traits (early fresh biomagsain yield, thousand kernel weight, seeds
per silique, siliques per square decimeter, plagight, beginning of flowering, end of
flowering, and duration of flowering) 60 QTL witldditive effects were identified using data
of the doubled haploid population. Twenty sevethein were congruent with loci exhibiting
dominance effects in the testcrosses, which allowssl assessment of the degree of
dominance. Of the 27 QTL 11 showed partial domiea2cfull dominance, and 14 exhibited
overdominance. From 37 QTL mapped for 5 seed quattits (oil, protein, glucosinolate,
erucic acid, and sinapine content) showing very ¢owo heterosis only 3 QTL demonstrated
overdominance, while from the remaining 8 QTL witbminance effects one showed full
dominance and 7 exhibited partial dominance. QTlppiay results for erucic acid and
glucosinolate content indicated that the lack dehesis at population level does not exclude
the existence of dominance at locus level. Forehtwg traits loci were observed with
positive and negative dominance effects, whoselatesvalues were of similar magnitude.
Most probably the cancelling of the dominance effatith opposite signs led to the lack of
heterosis at population level. The QTL mappinglémi involved in epistasis resulted in the
localisation of a total number of 99, 112 and 1@ikstatic locus pairs mapped with doubled
haploid line, midparent heterosis, and testcrossitiydata, respectively. Most of the digenic
interactions (85%) were between loci showing naisigant main effects.

The results of the current study indicated thhieadels of dominance in the range from
partial dominance to overdominance play a rolenaéxpression of heterosis in the rapeseed
population under study. The large number of epcstateractions observed showed that
epistasis also contributes to heterosis in rapesd#th explaining as large or a larger portion
of the phenotypic variance than the main effect QTL

In general the degree of correlation between genbeterozygosity and phenotypic traits
reflects the importance of overall genome heterogifg to trait expression. In the current
study no correlation was observed between the bhygaome heterozygosity and heterosis.
The lack of correlation and the QTL mapping resdisnonstrated that there exist specific

loci, often showing overdominance, which are resgua for the expression of heterosis,
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meaning that the heterozygous status of thesecpkatiloci is much more important for the
increased hybrid vigour than the overall genomerot/gosity.

Three regions in the rapeseed genome on linkagapgrN11, N12, and N19, were
identified as ‘hot spots’ for QTL as an apparenisttring of QTL with additive and
dominance effects was observed at these sitesthfée clusters included QTL for early fresh
biomass, grain yield, thousand kernel weight, sgedsilique, siliques per square decimeter,
plant height, beginning of flowering, end of floweg, duration of flowering, oil content, and
glucosinolate content, mapped with at least on¢hefthree datasets. Despite the extreme
genetic complexity of the studied traits, with numes epistatic interactions influencing
heterosis, which would impede marker assisted seteMAS), some major QTL with
relatively large dominance effects and the threm $pots’ for heterotic QTL could be of
further interest for practical breeding. With thelgh of MAS the alleles of QTL showing
overdominance could be purposefully distributedweein complementary heterotic gene
pools in order to benefit maximally the heterosid=i hybrids derived from crosses between
these pools.

By identifying QTL involved in heterosis the cumtestudy for the first time provided
information on the contribution of different gemeéffects, e.g. partial, full, overdominance,
and epistasis to the expression of heterosis iesegd. QTL mapping in a population derived
of a single cross is only the first step in the ecalar dissection of a quantitative trait. A
second step should include a verification of theremt results in other populations. Further,
fine mapping of selected QTL with strong effects loeterosis could be carried out in
advanced backcross populations developed witheéhedt MAS.
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6. Zusammenfassung

Der Begriff Heterosis oder Hybridwiichsigkeit bé#iesich auf das Phanomen, dass die
direkten Nachkommen genetisch unterschiedlichendhttinien oft eine grol3ere Biomasse,
schnellere Entwicklung und groRRere Fertilitat aussa, als das Elternmittel oder sogar der
bessere Elter. Wahrend die praktische AnwendungH#erosis in der Pflanzenziichtung
durch die Entwicklung von Hybridsorten bei vielenltirpflanzen sehr erfolgreich ist, ist das
wissenschaftliche Verstandnis des Phanomens nietitfartgeschritten. In der vorliegenden
Studie wurden eine DH-Population von 250 Linienarusien mit den korrespondierenden
Testkreuzungen im Gewachshaus und in Feldversummerer Orten angebaut und analysiert
um phanotypische Daten fur eine Analyse der Heierosi Raps auf der Ebene einzelner
QTL zu gewinnen. Die wesentlichen Ziele der Stwdaeen dabei:

1. Bestimmung der H6he der Heterosis flr agronomischtwge Merkmale.

2. Identifizierung und Lokalisation sowie Schéatzung g@danotypischen Effekte von
QTL far heterotische Merkmale (Kornertrag und Egskkomponenten, frihe
Biomasse, Pflanzenhdhe), phenologische Merkmalaih{@&ginn, Bluhende und
Blilhdauer) und Qualitatsmerkmale (Ol-, Protein-udkinolat-, Erucasaure- und
Sinapingehalt).

3. Bestimmung der Beitrage unterschiedlicher genetiscBffekte wie Dominanz,
Uberdominanz und Epistasie zur Auspragung der Hsiein Raps

4. Untersuchung der Korrelation zwischen Heterozygetibestimmt mit molekularen
Markern — und der Hybridleistung

5. Nachweis von ,hot spots*” fir QTL, die die Heterdsistrolieren

Um die genetische Basis der Heterosis in Raps &ldfan wurden QTL-Analysen in drei
verschiedenen Datensatzen durchgefuhrt, die esbéela, jeweils unterschiedliche genetische
Effekte von QTL zu erfassen. Als Voraussetzungdiér QTL-Kartierungen wurde zunachst
eine neue genetische Kopplungskarte in einer sumite FDH-Population von 250 Linien
aus einer Kreuzung zwischen der Winterrapssort@r&ss’ und der resynthetisierten Linie
,R53’ erstellt. Bei den fiir die QTL-Kartierung veewdeten Datensatzen handelte es sich um
die phéanotypischen Daten der DH-Population seldsty Daten einer Population von
Testhybriden aus Kreuzungen zwischen den DH-Linigsh einer mannlich sterilen Linie von
,Express’ (MSL-Express) sowie der Heterosis dertfig®iden, jeweils bezogen auf das

Elternmittel zwischen DH-Linie und zugehériger Hga. Mit Hilfe dieser Datensatze
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konnten die Additiv- und Dominanzeffekte sowie ¢gtischen Interaktionen der Loci,
welche die untersuchten Merkmale kontrollierenchészt werden.

Die phéanotypischen Daten fur die QTL-Kartierung @em in einjahrigen Feldversuchen
an vier Orten erhoben, die entsprechend einer rGi{tdage des Typs 26 x10 aufgebaut
waren. Um auf der einen Seite Konkurrenzeffektesehwen den DH-Linien und den
wuchsigeren Hybriden auszuschlie3en, die korrespogrilen Genotypen aber unter so
ahnlichen Bedingungen wie mdglich zu prifen, wurdeHl-Linien und Hybriden in
getrennten aber parallelen Beeten angebaut, woldiibie und korrespondierende Hybride
jeweils an gleicher Position im entsprechenden Begtden.

Von den 14 untersuchten Merkmalen zeigten die fiBioenasse und der Kornertrag die
hochsten Heterosiswerte, was darauf hindeutet, dasgplexere Merkmale eine hdhere
Heterosis aufweisen. Fir die neun untersuchtenrdietehen Merkmale (frihe Biomasse,
Kornertrag, Tausendkorngewicht, Samen pro Schothot8n pro dry Pflanzenhéhe,
Bluhbeginn, -ende und —dauer) konnten 60 QTL militacen Effekten im Datensatz der DH-
Population identifiziert werden. Von 27 dieser QTie kongruent mit Loci waren, die im
Datensatz der Testkreuzungen bzw. im HeterosissatzrDominanzeffekte gezeigt hatten,
konnte der Dominanzgrad bestimmt werden. Dabeiteeidl QTL partielle Dominanz, 2
volle Dominanz und 14 Uberdominanz. Von den 37 Qdik,fiir die funf Qualitatsmerkmale
(Ol-, Protein-, Glucosinolat-, Erucasaure- und Bingehalt) kartiert werden konnten, bei
denen nur sehr geringe oder keine Heterosis betdiaslorden war, zeigten nur 3 QTL
Uberdominanz, einer volle und 7 partielle Dominddiz Ergebnisse der QTL-Kartierung fiir
Erucasaure- und Glucosinolatgehalt zeigten andstgrslass das Fehlen von Heterosis auf
der Merkmalsebene nicht die Existenz von Domindekefn an einzelnen Loci ausschlief3t.
Bei beiden Merkmalen wurden QTL mit positiven wiegativen Dominanzeffekten
beobachtet, die sich, da von vergleichbarer Grofgennmg, in der Population aufheben. Die
Analyse epistatischer Interaktionen in den Dateresétler DH-Population, der Heterosis und
der Testkreuzungen fuhrte zu Kartierung von 99, dAf. 101 Locuspaaren mit signifikanten
digenen Interaktionen. Die meisten dieser Intecadn (85) traten zwischen Loci auf, die als
Einzelloci keinen signifikanten Effekt gezeigt teeitt

In der gegenwartigen Studie wurde bei keinem Metkeiae signifikante Korrelation
zwischen der allgemeinen, genomweiten Heterozygwitceder H6he der Heterosis gefunden.
Dieses Ergebnis und die Ergebnisse der QTL-Karigen zeigen deutlich, dass die Heterosis

beim Raps durch spezifische Loci, die haufig Uberikanz zeigen, bestimmt wird, d. h. der
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heterozygote Zustand an diesen spezifischen Loc¢i weit wichtiger fur die
Hybridwiichsigkeit als die mittlere Heterozygotiesdgenotyps.

In drei Regionen des Rapsgenoms auf den Koppluagpgn N11, N12 und N19 konnten
sog. ,hot spots” fur QTL identifiziert werden, deine auffallige Haufung von QTL mit
Additiv- und Dominanzeffekten enthielten. Die drieegionen enthalten QTL fur frihe
Biomasse, Kornertrag, Tausendkorngewicht, Samen $ohote, Schoten pro dm
Pflanzenhohe, Bliihbeginn, -ende und —dauer sowieutd Glucosinolatgehalt. Trotz der
extremen genetischen Komplexitat der untersuchterkiiale bei denen die Heterosis und
Merkmalsauspragung durch eine Vielzahl von epmsthgn Interaktionen beeinflusst wird,
was eine markergestiutzte Selektion erschweren wkétmten einige QTL mit relativ grof3en
Dominanzeffekten und die drei ,hot spots” fur diaktische Zichtung von Interesse sein.
Mit Hilfe der markergestutzten Selektion kénntee dillele von QTL, die Uberdominanz
gezeigt haben, gezielt auf unterschiedliche Gergpoeiteilt werden, um die Heterosis ip F
Hybriden aus Kreuzungen zwischen den Pools zu masam

Durch die Kartierung von QTL, die an der Auspragung Heterosis beteiligt sind, hat die
vorliegende Studie das erste Mal Erkenntnisse zaitrd®) verschiedener genetischer Effekte,
also partielle, volle und Uberdomianz sowie episthie Interaktionen, zur Heterosis im Raps
geliefert. Die QTL-Kartierung in einer Populatiored/on einer einzelnen Kreuzung stammt
kann aber nur der erste Schritt in einer moleknlakealyse eines quantitativen Merkmals
sein. Ein zweiter Schritt sollte die Verifikatiorerdgegenwartigen Ergebnisse in anderen
Populationen einschlieBen. Weiterhin konnte einenkaetierung ausgewahlter QTL mit
starken Effekten auf die Heterosis in fortgeschnién Rickkreuzungspopulationen, die Uber

markergestiutzte Selektion zu entwickeln waren, lugeéihrt werden.
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Appendix 1

Appendices

Appendix 1 List of the laboratory chemicals used

Chemicals Producers

Branch offices

NucleorPPhytoPur& Amersham Biosciences
Bio-Rad Fluorescent DNA  Bio-Rad Laboratories
Quantification Kit

EcoRI MBI Fermentas

Msel New England Biolabs
FIREPof’Tag-polymerase Solis Bodyne

T4 DNA ligase Promega

ATP Sigma-Aldrich Chemie
dNTPs Qbiogene

Hi-Di ™Formamide Applied Biosystems
GeneScal'-500 ROX™M Applied Biosystems
POPG6 Polimer Applied Biosystems
Tris MP Biochemicals
EDTA ROTH

Isopropanol ROTH
Chlorophorm ROTH
Mercapthoetanol Merck-Schuchardt
HPLC HO J. T. Baker

Germany, Freiburg
Germany, Munich

Germany, St. Leon-Rot
Germany, Frankfurt am Main
Estonia, Tartu
Germany, Mannheim
Germany, Deisenhofen
Germany, Heidelberg
Germany, Darmstadt
Germany, Darmstadt
Germany, Darmstadt
Germany, Eschwege
Germany, Karlsruhe
Germany, Karlsruhe
Germany, Karlsruhe
Germany, Hochembru
The Netherlands, Deventer
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Appendix 2 Schematic representation of the field desifime doubled haploid lines and the
hybrids were grown in different beds on the fidd@dch doubled haploid line was followed by
its corresponding hybrid.

Express
DH 2

DH 128
DH 12
DH 55
DH 67
DH-Lines

Elektra
Hyb 128
Hyb 12
Hyb 55
Hyb 67
Hybrids

Hyb 2

Express
DH 100
DH 250
DH5
DH1

DH 38
DH-Lines

Elektra

Hyb 100

Hyb 250

Hyb 5

Hyb 1

Hyb 38

~ N N~ VN

Hybrids

Border
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Apendix 3 Derivation of the genetic effects, using differeiatasets for QTL mapping, in all
cases the cultivar ‘Express’ was used to exprespénformance of the different genotypes.

1) Main effects

1. Doubled haploid population

effect= ﬂa

» ‘Express’ contributes the increasing allele (Figh)1

EE - (EE - 2a)

effect= => effect=a

* ‘R53’ contributes the increasing allele (Fig. 1 B)
EE - (EE + 2a)
effect=

=> effect=—-a

ER RR ER RR

A B
Fig. 1 Graphical presentation of the metric effects, B Rndesignate alleles of ‘Express’ and
‘R53’ respectively. ‘a’ and ‘d’ are additive andrdmance effects. In A ‘Express’ contributes
the increasing allele. In B the increasing allesecontributed by ‘R53’, the presented
dominance effect is partial dominance.

2. Testcross hybrid population
EE-ER
effect=———

» ‘Express’ contributes the increasing allele (Figh)1

EE—(EI;—a+ d) _s effect= a;d

* ‘R53 contributes the increasing allele (Fig. 1 B)

effect=

effect=
3. Midparent heterosis data

Dev - Dev.
ef‘fect:M
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» ‘Express’ contributes the increasing allele (Figh)1

Dev, = EE-MPV,MPy = SE*EE

EE+EE _
2

Dev, = ER-MPV,MPV =

Dey, = EE- 0

EE+RR

EE+EE-2a _
2

Dev, =EE-a+d - d

effect= M = —E
2 2

‘R53’ contributes the increasing allele (Fig. 1 B)
Dey = EE-MPV,MpV = EEFEE

EE+EE _

Dey =EE- 0

Dev, = ER- MPV,MPy = EEFRR

EE+EE+2a _
2

Dev, =EE+a+d - d

effect= M = —E
2 2

i) Epistatic interactions

A total number of 9 hypothetical genotypes is passiif two gene loci are considered. These

genotypes can be described by a quantitative gemettlel, which includes 8 parameters: two

additive effectsaa andag, two dominance effectdy andds, and four epistatic effectsaag,
adag, atka, andddag (Table 1).

Table 1 Digenic epistasis model with 8 parametersntetric notation follows Kearsey and
Pooni (1996)
B'B* B'B" BB’
ATAY aatagtaans aptdgtadag da-ap-aadnp
ATA agtdatadga datdgtddag -agtda-adsa
AA -aatag-adas -aatdg-adas -aa-8gtaaas
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1. Doubled haploid population

Possible allele combinations at loci A and B inaulidled haploid populatiorE,
represents an allele coming from the parent ‘Exgy&sis an allele contributed by
‘R53'.

A B

EE EE
EE RR
RR EE
RR RR

effect = (EEEE + RRRR) — (EERR + RREE)
effect = (a + ag + agap — 8y — & + Adag) — (8n — & — G — 3 + Az —ABnp)
effect = 2a@g + 2aaxg = 4aanp

2. Testcross hybrid population

Possible allele combinations at loci A and B in estd¢ross population (tester

genotypeEEEB. E, represents an allele coming from the parent ‘ESgtR is an
allele contributed by ‘R53".

A B

EE EE
EE ER
ER EE
ER ER

effect = (EEEE + ERER) — (EEER + EREE)
effect = (a\ +ag+aag+da+dg+ ddAB) - (aA + dg + adag+ da + ag + adBA)
effect = aag + ddag— adsg - adka

3. Midparent heterosis data

Possible allele combinations at loci A and B in estd¢ross population (tester

genotypeEEEE), and the corresponding midparent valugsrepresents an allele
coming from the parent ‘Expres®,is an allele contributed by ‘R53".

TC MPV

A B A B

EE EE - EE EE

EE ER - EE (EE+RR)/2
ER EE -

(EE+RR)/2 EE

ER ER - (EE+RR)2 (EE+RR)/2

Midparent values:

+
cepe- EEEEYEEEE . o iaa

EE EE+RR_EEEE+EERR_a,+a; +aa; +a, —a; 8,5 _ a,
2 2 2
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EE+ RREE _ EEEE+RREE_a, +a; +a3,; ~a, +a; ~ 88,5 _ a
2 B
EEEE+ RRRR_ a, +a; +aa,; —a, —a; +aa,g
= = aaAB
2 2

Genetic effect:

effect= EEEE- EEEE+ ERER- EEEE; RRRR—[EEER— ee EETRR, EREE—@EEJ

=O+dA+dB +ddAB_aaAB_(aA+dB +adAB_aA+dA+aB +adBA_aB)
=dd,; —aa,; —ad,; —adg,

133



Mladen Radoev PhD Thesis Appendix 4

Appendix 4 EcoRlandMsd primers with one and three selective nucleotides.
a) EcoRlandMsd primers with one selective nucleotide

EO1 5-CTGCGTACCAATTCAZ
MO02 5'-GATGAGTCCTGAGTAAC-3

b) EcoRlandMsd primers with three selective nucleotides

E32 5-CTGCGTACCAATTCAAGZ
E33 5-CTGCGTACCAATTCAAG3
E35 5-CTGCGTACCAATTCACAZ’
E38 5-CTGCGTACCAATTCACT3’
E40 5-CTGCGTACCAATTCAGCE
M47 5'-GATGAGTCCTGAGTAACAA-3
M48 5'-GATGAGTCCTGAGTAACAG3’
M49 5'-GATGAGTCCTGAGTAACAG?3
M50 5'-GATGAGTCCTGAGTAACAT-3
M51 5'-GATGAGTCCTGAGTAACCAZ’
M59 5'-GATGAGTCCTGAGTAACTAZ
M60 5'-GATGAGTCCTGAGTAACTG?Z
M61 5'-GATGAGTCCTGAGTAACTG3'
M62 5'-GATGAGTCCTGAGTAACTT-3’
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